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In the recent years, the design and synthesis of fluorescent nanoparticles for 

biological and chemical sensing applications have received considerable attention due 

to the excellent photostability and emission intensity of fluorescent nanoparticles and 

the intrinsic sensitivity of fluorescence based methods. Although considerable 

progress has been made in their synthesis, there is still need for low-cost and high 

throughput methods for their widespread utilization in biological and chemical sensing 

applications. In addition, studies regarding their biocompatibility are necessary to 

identify the toxicological potential of these nanomaterials.  

In this context, this thesis seeks new methods for multifunctional fluorescent 

nanoparticle synthesis and investigates their interactions with living organisms. In 

addition, it reports the applications of the fluorescent nanomaterials in biological 

imaging, therapy and chemical sensing applications.  

First, we report a self-assembly method to prepare PEGylated or peptide 

functionalized mesoporous silica nanoparticles (MSNs) for cell labeling and drug 

delivery applications. The good cyto- and blood- compatibility of the functionalized 

nanoparticles were demonstrated. Next, we demonstrated a surfactant assisted method 

to synthesize ultrabright silica nanoparticles and studied their in vitro 
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cytocompatibility with several cell lines. We demonstrated the applications of 

ultrabright particles in cell labeling, chemo and photodynamic therapy and trace 

explosive sensing. Then, we discuss a template-free method (porosity difference based 

selective dissolution strategy) to prepare self-luminescent mesoporous hollow silica 

nanoparticles with tailored shapes. In addition, we studied the surface effects on blood 

compatibility of nanoparticles in detail using the MSNs possessing different surface 

functional groups (ionic, polar, neutral, and hydrophobic). Finally, we investigated the 

optical properties of polydopamine nanoparticles and showed that fluorescence of as-

prepared polydopamine nanoparticles can be used for sensitive and selective detection 

of the dopamine neurotransmitter.  
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ÖZET 

BĶYOLOJĶK G¥R¦NT¦LEME VE KĶMYASAL SENSÖR 

UYGULAMALARI  Ķ¢ĶN NANOYAPILI MALZEMELERĶN 

GELĶķTĶRĶLMESĶ 

Adem Yildirim 

Malzeme Bilimi ve Nanoteknoloji, Doktora 

Tez Yöneticisi: Prof. Dr. Mehmet Bayēndēr 

Kasēm, 2014 

 

Son yēllarda, biyolojik gºr¿nt¿leme ve kimyasal sensºr uygulamalarēnda 

kullanēlmak ¿zere floresan nanopartik¿llerin sentezi, floresans yöntemlerin yüksek 

hassasiyetlerinden ve floresan nanopartiküllerin mükemmel fotokararlēlēk ve ēĸēma 

ĸiddetlerinden dolayē olduk­a fazla ilgi ­ekmektedir. Bu partik¿llerin sentezi 

konusunda bugüne kadar ciddi ilerlemeler ger­ekleĸtirilmiĸ olsada, floresan 

nanopartik¿llerin geniĸ uygulama alanlarē bulmalarē i­in ucuz ve yüksek verimli 

yºntemlerin geliĸtirilmesine ihtiya­ vardēr. Buna ek olarak, floresan nanopartiküllerin 

toksik potansiyellerin ayrēntēlē olarak incelenmesi, bu partik¿llerin kullanēlmasēndan 

doĵabilecek istenilmeyen etkilerin ºn¿ne ge­ilmesi a­ēsēndan olduk­a önemlidir.  

Bu tez, asēl olarak ­ok fonksiyonlu floresans nanopartik¿llerin sentezi i­in yeni ve 

basit yºntemlerin geliĸtirilmesi ve ¿retilen nanopartik¿llerin biyolojik organizmalar 

ile uyumluluĵunun araĸtērēlmasē ¿zerine yoĵunlaĸmaktadēr. Ayrēca, ¿retilen 

nanopartik¿llerin biyolojik gºr¿nt¿leme, terapi ve kimyasal teĸhisi alanlarēndaki 

uygulamalarēda rapor edilmektedir.   

Ķlk olarak, kendiliĵinden bir araya gelme yºntemi kullanēlarak, polietilenglikol 

(PEG) veya kēsa dizili peptitler ile fonksiyonalize edilmiĸ mezoboĸluklu silika 

nanopartik¿ller (MSN) h¿cre iĸaretleme ve kontroll¿ ila­ salēmē uygulamalarēnda 

kullanēlmak ¿zere sentezlenmiĸtir. Hazērlanan partik¿llerin h¿cre ve kan 

uyumluluklarē gºsterilmiĸtir. Daha sonra, y¿zey arttērēcē molek¿llerin yarēdēmē ile 
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oldukça parlak silika nanopartik¿llerin hazērlanmasē ve bu nanopartik¿llerin deĵiĸik 

h¿cre ­eĸitleri ile olan uyumluluĵu gºsterilmiĸtir. Nanopartiküllerin h¿cre iĸaretleme, 

kemo- ve fotodinamik- terapi ve patlayēcē tespiti uygulamalarē rapor edilmiĸtir. 

Bunlara ek olarak, nanopartik¿llerin y¿zey kimyasēnēn nanopartiküllerin kan 

bileĸenleri ile uyumluĵu ¿zerine etkisi y¿zeyleri deĵiĸik ºzelliklere sahip (iyonik, 

polar, nºt¿r ve hidrofobik) fonksiyonel gruplarla modifiye edilmiĸ MSNô ler 

kullanēlarak ayrēntēlē olarak incelenmiĸtir. Son olarak, polidopamin nanopartiküllerin 

optik ºzellikleri incelenmiĸ ve yeni hazērlanmēĸ polidopamin nanopartik¿llerin 

floresan ºzellikte olduĵu gºsterilmiĸtir. Floresan polidopamin nanopartikül oluĸumu, 

dopamine nörotransmitterinin hassas ve se­ici bir ĸekilde tespit edilmesinde 

kullanēlmēĸtēr.   
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Chapter 1            

Introduction  

 

The design and synthesis of fluorescent nanoparticles is a rapidly growing research 

field and is promising for applications ranging from molecular and cellular bioimaging 

to chemical sensing of various molecules [1-3]. The most common method for the 

preparation of fluorescent nanoparticles is conjugating the fluorescent molecules with 

nanoparticles. In this context, various nanoparticles produced from a wide range of 

materials have been employed; silica, iron oxide, gold, silver, carbon, metal oxides, 

polymers and so on [4]. Conjugation of fluorescent materials into nanoparticles offers 

many advantages over their direct use, such as improved photostability, emission 

intensity and solubility in water [5]. Beside from conjugation method, another way to 

prepare fluorescent nanoparticles is to use intrinsically fluorescent materials in 

nanoparticle synthesis, such as conjugated polymers, quantum dots, metal nanoclusters 

etc. [6-8].  

Additional features can be provided to the fluorescent nanoparticles using different 

material compositions. For instance, fluorescent mesoporous silica nanoparticles 

(MSNs) can be used for controlled delivery of drugs into the cells -owing to their high 

surface area and pore volume- and at the same time for imaging of the position of 

nanoparticles inside the cells. Another well-known example is the superparamagnetic 

iron oxide nanoparticle containing core/shell fluorescent nanoparticles, which can be 

used for dual fluorescent and magnetic imaging of tumors. Furthermore, such 

multifunctional fluorescent nanoparticles can be targeted to cancer cells by modifying 
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their surfaces with the molecules that are specific to the overexpressed receptors of 

cancer cells (e. g. antibodies, folic acid, and peptide sequences) in order to improve 

the efficiency of nanoparticle based therapies. In the last two decades, we witnessed 

many successful demonstrations of such multifunctional fluorescent nanoparticles in 

especially the field of biotechnology. More detailed information on this subject can be 

found in the previous reviews [9-11].  

In this thesis, we focused on the design and synthesis of novel multifunctional 

fluorescent nanoparticles for bioimaging and chemical sensing applications. We also 

demonstrated the promising potential of the prepared materials in the chemo- and 

photodynamic- therapy of cancer and in drug delivery applications. In addition, we 

studied their biocompatibility in terms of cytotoxicity, hemolytic activity, non-specific 

protein adsorption, dispersibility in biological media and their blood coagulation 

initiation/inhibition ability.  

This thesis is organized in eight chapters. Chapter 1 gives the motivation of this 

thesis and its organization. Chapter 2-7 reports the published or to be published 

outcomes of this thesis. Chapter 8 gives the general conclusions.  

In Chapter 2, we describe a facile self-assembly method to prepare PEGylated or 

peptide functionalized fluorescent silica nanoagents using hydrophobic mesoporous 

silica nanoparticles and an amphiphilic PEG containing polymer or peptide 

amphiphiles. We used them for cellular labeling. In addition, we showed the excellent 

dispersibility in biological media, good cyto- and blood compatibilities and improved 

cellular uptake of these surface engineered fluorescent nanoparticles. 

In Chapter 3, we report the synthesis of silica capped ultrabright MSNs with 

reduced cytotoxicity. We prepared the ultrabright MSNs by surfactant assisted 

encapsulation of Rose Bengal dye inside the pores of MSNs. Pores of the dye doped 

MSNs were capped with a dense silica layer to reduce the dye and surfactant leakage. 

We studied their optical properties in detail and demonstrated the cell-labeling 

applications of these particles. In addition, synergetic chemo- and photodynamic- 

therapy of cancer cells with ultrabright MSNs was showed. Furthermore, the 

compatibility of the particles with red blood cells were studied.   
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In Chapter 4, we describe the preparation of pyrene confined MSNs for the trace 

detection of trinitrotoluene (TNT) in aqueous phase. Pyrene confined MSNs were 

prepared using the surfactant assisted encapsulation method described in the previous 

chapter. We demonstrated that bright pyrene excimer emission of the particles exhibit 

a rapid, sensitive and visual quenching response against TNT.  

In Chapter 5, we explain a templateless method to prepare self-luminescent hollow 

MSNs with tailored morphology. The method is based on the selective dissolution of 

porous cores of solid silica shell/mesoporous silica core nanoparticles in mild 

conditions (PBS or water).  Using this method we prepared hollow and mesoporous 

silica nanospheres and nanorods with different shell thicknesses. Also, we described a 

general method to prepare self-luminescent hollow particles. In addition, we proposed 

a mechanism for selective dissolution of porous cores of the core/shell nanoparticles. 

In Chapter 6, we systematically evaluate the impacts of surface chemistry on blood 

compatibility of MSNs. We investigated the interactions of a series of MSNs 

possessing different surface functional groups (ionic, polar and hydrophobic) with 

blood constituents, in terms of their hemolytic activity, thrombogenicity, and 

adsorption of blood proteins on their surfaces. Also, we prepared Rhodamine B dye 

conjugated fluorescent MSNs to observe the effect on fluorescent tagging on blood 

compatibility. 

 In Chapter 7, we propose a turn-on fluorescent method for rapid and facile 

detection of dopamine, which is the principle biomarker for diseases such as 

schizophrenia, Huntington's, and Parkinsonôs. The method is based on in situ 

formation of fluorescent polydopamine nanoparticles (demonstrated for the first time 

in this study) under basic conditions. We studied the in situ optical properties of 

polydopamine nanoparticles, in order to determine optimum experimental conditions. 

Under optimized conditions, we demonstrated the high sensitivity (40 nM) and 

excellent selectivity of the assay.  

Finally, in Chapter 8, we give the general conclusions and major outcomes of this 

thesis and the potential future applications.   
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Chapter 2  

A Facile Self-Assembly Method to 

Functionalize MSNs with PEG and Peptides   

 

2.1 Introduction 

The high surface area and pore volume, good chemical stability and ease of surface 

functionalization of mesoporous silica nanoparticles (MSNs) make them promising 

materials for biological applications as bioimaging, cell labeling and drug delivery 

agents [12, 13]. In addition, silica based materials are generally accepted as 

biocompatible materials by the U.S. Food and Drug Administration (FDA). However, 

recent studies demonstrated their potential in vitro and in vivo toxicity, especially when 

their size is reduced to the nano scale [14, 15]. Although the toxicity of silica based 

nanomaterials depends on several factors including particle size, shape, surface 

chemistry and porosity [16-18] there is a general consensus that chemical structure of 

the surface is the predominant factor which determines the interactions with biological 

systems [19]. The surface of bare silica is covered with negatively charged silanol 

groups, which can electrostatically interact with positively charged tetraalkyl 

ammonium moieties of the cell membrane and can lead to cytotoxicity by 

membranolysis or inhibition of cellular respiration [19, 20]. Also, rapid aggregation of 

silica based nanoparticles in biological media can result in mechanical obstruction in 

the capillary vessels of several vital organs, leading to organ failure and even death 
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[21, 22]. Therefore, replacing the surface silanol groups with biocompatible molecules 

is essential to improve the biocompatibility of MSNs. 

Among numerous polymeric or organosilane surface modification ligands, 

polyethylene glycol (PEG) is the mostly used one due to its well established 

biocompatibility, hydrophilicity, and antifouling properties [23]. However, the 

PEGylation process has some limitations; (i) it mostly requires tedious organic 

synthesis and surface modification [24] and (ii) pores of MSNs may be closed by the 

long PEG polymer chains, which can hinder the drug loading process. Beside from 

biocompatibility, surface modification of MSNs is important in terms of improving the 

efficiency of MSN based therapies. Modification of the MSN surface with polymers 

[25, 26] (e.g. polyethyleneimine and zwitterionic copolymers) or biomolecules [27-

29] (e.g. folic acid, antibodies, peptides) has been proved to be an effective way to 

improve the selective uptake of MSNs by cancer cells which is highly desired for 

cancer diagnosis and therapy applications. In particular, short peptide chains have 

attracted a great deal of attention in recent years because of their tunable functionality, 

biodegradability, and relative ease of synthesis [30-32]. It has been shown that short 

peptide sequences (e.g. RGD and IL-13) can be used for targeting nanoparticles to 

specific cancer cell lines [33-36]. In addition to targeting properties, some peptide 

sequences (e.g. TAT peptide) demonstrated cell penetrating and endosomal escape 

properties [37, 38]. Also, the biodegradability of peptides makes them suitable for 

being utilized as stimuli responsive gatekeepers in controlled drug release [39] and 

linkers in FRET based diagnostics [40, 41]. Conventionally, peptides are covalently 

attached to the silica surface by using additional cross-linking reagents and 

troublesome synthetic methods, which results in poor surface grafting density and 

costly synthesis of functionalized materials [34, 39, 42].  

To overcome these limitations in both PEGylation and peptide modification, here 

we report a facile self-assembly method using octyl modified hydrophobic MSNs 

(OMSNs) with pluronic polymers (for PEGylation) of peptide amphiphiles (PAs) (for 

peptide modification).  Pluronic F127, a FDA approved biocompatible polymer, 

contains two hydrophilic PEG blocks and a hydrophobic polypropylene oxide (PPO) 

between the two PEG blocks was used for PEGylation [43]. When the powder of 

hydrophobic MSNs is added into the F127 solution they are easily transferred into 
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water by self-assembly of F127 molecules onto the MSN surface through the 

hydrophobic interaction between the PPO block of F127 and surface octyl groups of 

the MSNs (Figure 2.1). Similarly, PAs spontaneous cover the surfaces of OMSNs (for 

peptide case nanoparticles are labelled with fluorescein dye for uptake studies) in 

aqueous media through hydrophobic interactions between octyl groups of OMSNs and 

alkyl chains of PAs (Figure 2.1). 

In the first part of the study, we prepared cargo (dye or drug) loaded and PEGylated 

MSNs by loading the hydrophobic MSNs before the F127 capping process. The F127 

capped particles are dispersible in both water and phosphate buffered saline (PBS), 

whereas uncapped MSNs are easily aggregated and precipitated. The improved 

biocompatibility of F127 capped MSNs was demonstrated using cytotoxicity, 

hemolytic activity and thrombogenicity assays. Lastly, cargo release kinetics of 

PEGylated MSNs was investigated. The cargo release from PEGylated MSNs was 

very slow which make them a promising candidate for bioimaging and cell labeling 

studies.  

In the second part of the study, we selected two model PA molecules, with different 

charges, to functionalize MSNs with peptides. The glutamic acid and lysine residues 

on the PAs provide negative and positive charges to the hybrid system, respectively 

(Figure 2.2). The unmodified MSNs were synthesized in order to compare with peptide 

functionalized MSNs. The effect of peptide functionalization on cell viability and 

uptake was investigated by using human umbilical vein endothelial cells (HUVECs) 

and a vascular smooth muscle cell line (A10). All of the MSN systems demonstrated 

good cytocompatibility with both cell lines up to a concentration of 200 mg/mL. 

Interestingly, we observed a remarkable increase (1.8 to 6.3 fold) in the cellular uptake 

of peptide functionalized MSNs compared to bare MSNs depending on the surface 

charge of PAs as well as the cell type. 

    These works published on the Chemical Communications (2013, 49, 9782-9784) 

and Journal of Materials Chemistry B (2014, 2, 2168-2174) journals. Reproduced with 

permission from The Royal Society of Chemistry. 
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Figure 2.1: Schematic representation of cargo loaded and F127 or peptide amphiphile capped 

MSN preparation.  

 

 

Figure 2.2: Chemical structures of the peptide amphiphile molecules used in this study. 

 

2.2 Experimental Section 

Materials: Tetraetyl orthosilicate (TEOS), octyltriethoxysilane (OTS), 

aminopropyl triethoxysilane (APTES), ammonium nitrate, and hydrofluoric acid (HF), 

sodium hydroxide, lauric acid were purchased from Merck. Fluorescein isothiocyanate 

(FITC), cetyltriammoniumbromide (CTAB) ethanol, pluronic polymer (F127), 

ethanol, hydrochloric acid (37%) (HCl), and doxorubicin hydrochloride (DOX) were 

purchased from Sigma-Aldrich. Dimethyl sulphoxide (DMSO), methanol, and 
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isopropanol (IPA) were purchased from Carlo-Erba. Tetrahydrofuran (THF) was 

purchased from Labkim. 9-Fluorenylmethoxycarbonyl (Fmoc) and tert-

butoxycarbonyl (Boc) protected L-amino acids, [4-[Ŭ-(2ô,4ô-dimethoxyphenyl) 

Fmocaminomethyl]phenoxy] acetamidonorleucyl-MBHA resin (Rink amide MBHA 

resin), and 2-(1H-Benzotriazol-1-yl)-1,1,3,3 tetramethyluronium hexafluorophosphate 

(HBTU) were purchased from NovaBiochem and ABCR. All reagents and solvents 

were used as provided. 

Synthesis of MSNs: To synthesize OMSN, first 200 mg CTAB and 5 mg F127 were 

dissolved in 96 mL of deionized water and 0.7 mL of 2 M NaOH was added. Then the 

reaction mixture was heated to 80 °C while stirring vigorously (600 rpm) and 1 mL of 

TEOS was rapidly added under vigorous stirring (600 rpm). After 90 min, to prepare 

the octyl containing shell, 0.25 mL of OTS was dissolved in 10 mL THF and slowly 

added to the reaction mixture. The mixture was further stirred for 3 h. Finally, reaction 

mixture was cooled down to the room temperature, particles were collected by 

centrifugation at 9000 rpm for 20 min and washed with ethanol twice. Surfactant 

molecules were extracted by stirring the particles in 50 mL of 20 g/L ethanolic 

ammonium nitrate at 60 °C for 30 min. This treatment repeated twice to ensure 

complete surfactant removal. Particles were washed with methanol twice afterwards 

and dried at 50 °C overnight. MSN was synthesized without the addition of OTS; other 

parameters were same with the O-MSN synthesis.      

Synthesis of FITC labelled MSNs: In order to synthesize FITC labelled MSNs, first 

2 mg of FITC conjugated with 10 µL of APTES in 1 mL of EtOH by gently stirring 

for 24 h. This solution was added to the reaction mixture right after the TEOS addition. 

Other parameters were same with the MSN synthesis.  

Synthesis and characterization of peptide amphiphile molecules: While positively 

charged peptide amphiphile was constructed on MHBA Rink Amide (0.59 mmol/g) 

resin, negatively charged peptide amphihpile was constructed on Fmoc-Glu-Wang 

(0.64 mmol/g) resin. All amino acid couplings were performed with 2 equivalents of 

Fmoc protected amino acid, 1.95 equivalents of HBTU and 3 equivalents of N,N-

diisopropylethylamine (DIEA) in DMF for 2 h. Fmoc deprotections were performed 

with 20% piperidine/dimethylformamide (DMF) solution for 20 min. Cleavage of the 

peptides from the resin was carried out with a mixture of triþuoroacetic acid (TFA) : 
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triisoproplysilane (TIS) : water in the ratio of 95 : 2.5 : 2.5 for 2 h. Excess TFA was 

removed by rotary evaporation. The remaining viscous peptide solution was treated 

with ice-cold diethyl ether and the resulting white pellet was freeze-dried.  

Characterization of MSNs: Transmission electron microscopy (TEM) images were 

taken using a Tecnai G2 F30 (FEI) microscope. Average particle sizes and zeta 

potentials of MSNs were measured with Zetasizer Nanoseries (Malvern Instruments). 

Surface area and pore volume of the particles were determined using iQ-C 

(Quantachrome). Before measurements, all samples were degassed at 150 ºC for 24 h. 

Thermal gravimetric analyses (TGA) were performed with Q500, (TA Instruments). 

Fourier transform infrared (FTIR) spectra of particles were recorded by using a Fourier 

transform infrared spectrometer (FTIR, Vertex 70, Bruker). Optical absorption 

measurements in cytotoxicity and hemolysis assays were carried out using a 

Microplate reader (Spectramax M5, Molecular Devices). Fluorescence spectra of the 

particles were recorded by a Fluorescence Spectrophotometer (Eclipse, Varian).  

Characterization of peptide amphiphile molecules: The peptide amphiphiles were 

identiýed and analyzed by reverse phase HPLC on an Agilent 6530 accurate-Mass Q-

TOF LC/MS equipped with an Agilent 1200 HPLC. An phenomenex Luna 3µ C8 

100A (50 x 3.00 mm) column as stationary phase and water/acetonitrile gradient with 

0.1% volume of formic acid as mobile phase were used to identify positively charged 

peptide amphiphile. For negatively charged peptide amphiphile, an Agilent Zorbax 

Extend-C18 (2.1x50 mm) column as stationary phase and water/acetonitrile gradient 

with 0.1% volume of ammonium hydroxide as mobile phase were used. The positively 

and negatively charged peptide amphiphiles were purified by using 1200 Agilent 

HPLC on Zorbax 300SB C8 (21.2x150 mm) PrepHT and Zorbax-Extend C18 

(21.2x150 mm) PrepHT column, respectively. 

F127 capping of OMSN: 25 mg of OMSN was dispersed in 50 mL of F127 solution 

in water (5 mg/mL) by sonication and stirring. The dispersion sonicated for 15 min 

and afterwards stirred vigorously for 1 h. F127 capped particles were precipitated at 

9000 rpm for 20 min and redispersed in 50 mL of F127 solution in water (5 mg/mL). 

Aforementioned sonication and stirring steps were repeated. Finally, particles were 

precipitated and washed with water or phosphate-buffered saline (PBS) twice to 

remove the excess F127 molecules.    
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Peptide amphiphile capping of OMSN: While 14 mg of each peptide amphiphile 

was sonicated in 12 mL deionized water, 2 mg of OMSN was slowly added to the 

system. Peptide amphiphiles and OMSN were mixed with a weight ratio of 1:7. They 

were sonicated and vortexed for 3 h at RT. Solution was centrifugated at 5000 rpm. 

After all portions were concentrated by centrifugation, they were rinsed with water and 

centrifugated twice.  

DOX loading and release experiments: In order to load DOX into the pores of MSN 

or O-MSN, 10 mg of particles were dispersed in 1 mL of DOX solution (7.5 mg/mL) 

in ethanol and shook at 300 rpm for 24 h. Then the particles were collected by 

centrifugation. DOX loaded MSNs were washed with water twice to remove the non-

adsorbed DOX molecules. For OMSN before precipitation 5 mg of F127 added into 

the solution. DOX loaded OMSN were transferred into the water as described above 

to produce DOX loaded F127-OMSN. The amounts of adsorbed DOX were 

determined by monitoring the fluorescence of DOX at 590 nm (excitation wavelength 

is 488 nm) after etching the silica in 1.2% HF solution for overnight.   

DOX release profiles of MSN and F127-OMSN was determined by dispersing 5 

mg of particles in 8 mL of PBS at pH 7.4 or pH 5.5 and each solution were separated 

to 10 Eppendorf tubes. The tubes were shaken at 37 °C for 12 h and at different time 

intervals one tube removed and centrifuged. The volumes of supernatants were 

completed to 20 mL and fluorescence peak of DOX at 590 nm was monitored using a 

fluorescence spectrophotometer in order to determine the released DOX amount. 

R6G loading and release experiments: In order to load R6G into the pores of MSN 

or O-MSN, 30 mg of particles were dispersed in 15 mL of R6G solution (7.5 mg/mL) 

in IPA and stirred at 60 °C for 2 days. Then the particles were collected by 

centrifugation at 9000 rpm for 20 min. R6G loaded MSNs were washed with water to 

remove the non-adsorbed R6G molecules. On the other hand, R6G loaded OMSNs 

were washed with water after capping with F127 since OMSN is insoluble in water. 

R6G loaded F127-OMSN was prepared as described above using R6G loaded O-

MSNs and washed with water before using in release experiments. The amounts of 

adsorbed R6G were determined by monitoring the absorption peak of R6G at 526 nm 

after etching the silica in 1.2% HF solution for overnight.   

Cargo release profiles of the R6G loaded MSN and F127-OMSN was determined 
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by dispersing 10 mg of particles in 25 mL PBS (pH 7.4). The dispersions were stirred 

at 37 °C for 48 h and at different time intervals small amount of samples were taken 

and centrifuged. Then, amount of released R6G in the supernatants were calculated 

using a UV-Vis spectrophotometer from the absorption peak of R6G at 526 nm. 

Cell culture for PEGylated OMSN: Human breast adenocarcinoma cells (MCF-7) 

were grown to confluence at 37 °C under 5% CO2 in Dulbeccoôs Modified Eagle 

Serum (DMEM) containing 1% penicillin/streptomycin, 10% fetal bovine serum 

(FBS) and 2 mM L-glutamine.  

Cell viability tests for PEGylated OMSN: Cells in the logarithmic growth phase 

were washed once with PBS, trypsinized and resuspended in fresh medium. The cells 

were seeded in 96-well plates at 5 x 103 cells/well. After 24 h of culture, the medium 

was removed by aspiration and replaced with 100 ɛL of fresh medium containing MSN 

or F127-OMSN at concentrations of 100, 250, 500 or 1000 ɛg/mL and incubated for 

24 or 48 h. The cytotoxicity of particles was determined by the 3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay (Sigma, Aldrich). 

At least two well columns containing cells without the particles were used as a negative 

control. MTT reagent (5 mg/mL) containing medium was added to each well, and the 

plates were incubated in the dark for 4 h at 37°C. After incubation, medium was 

removed and the resulting purple formazan crystals were dissolved by adding medium. 

Then the optical density was measured at 570 and 680 nm by using a microplate reader 

(SpectraMax, M5).  The optical density of wells containing untreated cells was 

considered as 100%. All the experiments were performed in triplicate. 

Cell culture for peptide coated OMSN: Viability and uptake experiments were 

performed by using human umbilical vein endothelial cells (HUVECs) and A10 rat 

aortic smooth muscle cells (ATCC® Cat# CRL-1476Ê). HUVECs were donated by 

Yeditepe University, Istanbul, Turkey. HUVECs were purified as described [44, 45] 

and characterized by staining with CD34, CD31, and CD90 surface markers. These 

cells were found to be positive for CD31 and CD34 but negative for CD90. A10 and 

HUVEC cells were cultured in 75 cm2 polystyrene cell culture flasks with standard 

medium, containing Dulbecco's modified eagle medium (DMEM) with 10% fetal 

bovine serum (FBS), and 1% penicillinïstreptomycin and passaged at cell confluency 

between 80 and 90% using trypsin-EDTA. In all experiments, particles were 
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administered in serum free medium (1% penicillin-streptomycin containing DMEM) 

to avoid any influence of serum proteins on the uptake mechanism. 

Cell viability tests for peptide coated OMSN: The cell viability assay was performed 

using Alamar Blue Assay (Invitrogen). 5000 cells per well (HUVECs or A10) were 

seeded on a 96-well plate in 100 mL of standard medium. After 24 h, the medium was 

removed and 100 mL of serum free medium was added. 25 mL of freshly prepared 

nanoparticle solutions in water at different concentrations were administered to have 

final concentrations of 200, 100, 50, and 10 µg/mL. For cell viability tests, cells were 

exposed to particles for 4 h, then the medium was changed to standard medium and 

the cells were further incubated for 20 h. Then, Alamar Blue reagent diluted to 10% in 

DMEM was added. After 3 h, fluorescence at 570/612 nm (Ex/Em) was measured 

using a microplate reader (SpectraMax, M5). 

Hemolysis assay: EDTA stabilized human blood samples were collected from 

volunteers at Bilkent University Health Center (Ankara, Turkey). Fresh blood samples 

(3 mL) were centrifuged at 1600 rpm for 5 min and RBCs were obtained after 

removing the blood plasma. Precipitated RBC pellet was washed five times with 6 mL 

of PBS and RBCs were dispersed in 25 mL of PBS. 0.2 mL of RBCs were placed in 

plastic vials and 0.8 mL of MSN or F127-OMSN solutions in PBS at different 

concentrations were added. Also, positive and negative control samples were prepared 

by adding 0.8 mL of water and PBS, respectively. The samples were incubated at room 

temperature for 2 h. Samples were slightly shaken once for every 30 min to resuspend 

the RBCs and MSNs. After incubation, RBC were precipitated at 1600 rpm and 200 

µL of supernatants was transferred to a 96-well plate to measure the absorbance of 

released hemoglobin, from damaged RBCs, with a microplate reader at 570 nm. 

Absorbance at 655 nm was recorded as reference. Hemolysis percentages of the RBCs 

were calculated using the following formula; 

 % Hemolysis = (abs of sample-abs of negative control) / (abs of positive control-

abs of negative control) 

Percent hemolysis values were calculated from three separate experiments.  

Blood clotting assay: For PT and aPTT measurements, human blood samples were 

collected to citrate stabilized vials from volunteers. Plasma samples were freshly 

prepared from the blood samples and immediately used in the experiments. 50 µL of 
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MSN or F127-OMSN solutions in PBS were added to the 450 µL of plasma samples, 

and incubated for 5 min at 37 °C. Final particle concentrations in the resulting solutions 

were 0.1 and 1 mg/mL. After incubation, particles were removed by centrifugation and 

50 µL portions of supernatants were used to measure PT and aPTT values using a 

semi-automatic blood coagulation analyzer (Tokra Medikal, Ankara, Turkey). Also, 

control measurements were performed using 50 µL PBS. All PT and aPTT values were 

calculated from three separate measurements. 

Uptake studies: 13 mm glass coverslips were placed in 24 well plate, 40000 cells 

(HUVEC or A10) in standard medium (DMEM with 10% FBS, 1% PS) were seeded 

in each well on coverslips. After 24 h medium was discarded, 400 µL of serum free 

medium was added to each well. 100 µL of bare or functionalized MSN particles were 

administered to have a 200 µg/mL final concentration of MSN. After 4 h of 

administration medium was changed to standard medium. After 20 h cells were 

washed with PBS several times and fixed with 4% paraformaldehyde for 15 min. Then, 

cells were permeabilized with 0.1% TritonX-100 (Sigma-Aldrich) for 12 min and actin 

proteins were stained with Phalloidin-TRITC (Sigma-Aldrich) for 20 min. Coverslips 

were mounted on slides with Antifade (Invitrogen). Samples were visualized under 

laser scanning confocal microscopy (Zeiss, LSM 510).  

Flow Cytometer Analysis: 100000 HUVEC or A10 cells were seeded in each well 

of 6 well plate in standard medium (DMEM with 10% FBS, 1% PS). After 24 h 

medium was discarded, 1600 µL of serum free medium was added in each well. 400 

µL of bare or functionalized MSN particles were administered to have a 200 µg/mL 

final concentration of MSN. After 4h of administration, medium was changed to 

standard medium and cells were incubated for 20 h, then washed with PBS and 

trypsinized. Cells were collected by centrifugation and washed twice with PBS. Cells 

were resuspended in 1 mL PBS and kept on ice before analysis. FITC channel is used 

to analyze MSN particle uptake in flow cytometer (BD, FACS Aria III).  Student's t-

test was applied to all datasets and the difference between them was accepted to be 

statistically significant when p < 0.05. 
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2.3 Synthesis and Characterization of PEGylated MSNs 

Octyl modified MSNs (OMSN) were prepared via respective condensation of 

tetraethyl orthosilicate (TEOS) and octyltriethoxy silane (OTS) monomers in a one-

pot reaction [45-47]. After polymerization of TEOS and formation of initial MSNs, 

OTS monomers were added in order to obtain hydrophobic coatings on MSNs. Also, 

for control experiments bare MSNs were synthesized without the addition of OTS. 

Figure 2.3 shows TEM images of the prepared MSNs. The MCM-41 type ordered 

hexagonal porous structure was observed for bare MSN (Figure 2.3a). Interestingly, 

OMSN revealed bimodal pore structure; a randomly porous shell was observed over 

the MCM-41 type porous core (Figure 2.3b). The shell thickness was calculated to be 

12 ± 3 nm from the TEM images. Also, average particles sizes and particle size 

distributions for both particles were determined from TEM images and given in Figure 

2.4.  

 

 

Figure 2.3: TEM images of mesoporous silica nanoparticles. (a) Bare MSN, (b) and (c) OMSN, 

and (d) F127-OMSN. 
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Figure 2.4: Particle size distributions of MSN and OMSN which were calculated according to 

the TEM images. Octyl modification significantly increased particle size indicating octyl 

containing shell formation.    

 

Surface area and pore volume of the particles were calculated from the 

adsorption/desorption data (Figure 2.5). OMSN revealed slightly lower surface area 

(961.2 m2/g) and pore volume (1.01 cm3/g) compared to MSN (1115.7 m2/g and 1.25 

cm3/g). The decrease in the surface area and pore volume is the result of pore 

narrowing after octyl modification [45]. OMSN formed aggregates while drying on 

the TEM grid, due to the hydrophobic interactions between particles (Figure 2.3c). On 

the other hand, after coating with the pluronic polymer (F127-OMSN), particles are 

well dispersed on the grid (Figure 2.3d) indicating the formation of F127 coating on 

particles.  
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Figure 2.5: Nitrogen adsorption and desorption curves of MSN and OMSN. Octyl addition 

slightly reduced the surface area and pore volume of the particles. 

 

The formation of F127 layer on particles was further confirmed by TGA (Figure 

2.6). For MSN, weight loss at 800 °C was only 8.3% which is due to residual surfactant 

molecules and dehydroxylation of silica surface [48]. For OMSN, weight loss reached 

to 18.8% due to the decomposition of octyl groups. On the other hand, a large weight 

loss (47.1%) was observed for F127-OMSN. There are two sharp decreases in the TGA 

spectrum of F127-OMSN, which are corresponding to decomposition of F127 and 

octyl groups. In addition, FTIR spectra (Figure 2.7) of the particles clearly 

demonstrated the successful octyl modification and F127 capping of MSNs. 
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Figure 2.6: TGA spectra of MSN, OMSN, F127-OMSN and F127 polymer. After octyl 

addition and F127 capping weight loss of the particles gradually increased proving the 

formation of octyl and F127 layer around MSNs.   

 

 

Figure 2.7: FTIR spectra of MSN, O-MSN, F127-OMSN and F127 polymer showing 

successful octyl modification and F127 capping of particles. 
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Good dispersity in biological media is vitally important for developing 

biocompatible and effective nanomaterials for biological applications, since 

aggregated particles can induce toxicity in several organs and result in poor 

pharmacokinetics [49]. The F127-OMSN showed excellent dispersity in both water 

and PBS (pH = 7.4) at a high concentration (1 mg/mL). The particle size distribution 

in both media was almost identical and average particle size was around 280 nm 

(Figure 2.8). The good aqueous dispersity of F127-OMSN in highly salted media is 

attained by and non-ionic and hydrophilic PEG blocks. On the other hand, MSN was 

fairly dispersible in water at 1 mg/mL, with slightly broader size distribution than 

F127-OMSN and an average particle size around 235 nm (Figure 2.8). However, MSN 

easily aggregated and precipitated in highly salted PBS media in a couple of minutes 

at the same concentration (Figure 2.8 inset). Therefore, a more dilute solution (0.1 

mg/mL) was used to retard the particle precipitation and particle size distribution of 

MSN in PBS was determined. Even at this low concentration MSN formed large 

aggregates and exhibited a broad particle size distribution with a large average particle 

size of ~2 µm (Figure 2.8).  

 

 

Figure 2.8: Dispersibility of MSN particles in aqueous media. Size distributions of MSN and 

F127-OMSN in water and PBS. Inset show the photograph of MSN (left) and F127-OMSN 

(right) dispersions in PBS showing the colloidal stability of PEGylated MSNs. 
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To test the stability of F127 coating, we precipitated the particles, removed the 

supernatant and re-dispersed them in PBS; this cycle was repeated for ten times. 

Average particle size almost remained intact after the washing cycles (Figure 2.9). The 

good stability of the F127 layer is due to the strong hydrophobic interaction between 

octyl groups of OMSN and hydrophobic PPO block of the F127, which is stronger 

than either hydrogen bonding or electrostatic interactions in highly salted solutions 

[21]. 

 

 

Figure 2.9: The average zeta size of F127-OMSN in PBS after several washing cycles. Even 

after 10 washing cycles average particle size remained almost intact indicating the good 

stability of self-assembled pluronic layer.   

 

2.4 Biocompatibility of PEGylated MSNs 

In order to evaluate the in vitro cytocompatibility of the particles 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) cytotoxicity assay 

was used between particle concentrations of 0.1 and 1 mg/mL. Figure 2.10 indicates 

that both MSN and F127-OMSN are highly compatible with MCF-7 (human breast 

cancer cell line) cells after incubation times of 24 or 48 h.  
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Figure 2.10: Cell viability results of MSN and F127-OMSN after 24 and 48 h. 

 

Blood compatibility of nanomaterials is a crucial issue when they are applied by 

intravenous injection, a commonly applied route for drug delivery [18, 50]. It is well 

known that interaction of MSNs with blood constituents may cause serious toxicity 

such as hemolysis of red blood cells (RBCs) and blood clot formation 

(thrombogenicity) [17, 51]. Therefore, we investigated the hemolytic activity and 

thrombogenicity of MSNs and F127-OMSN using a hemolysis assay [17] and 

measuring their activated partial thromboplastin time (aPTT) and prothrombin time 

(PT) [51]. Hemolytic activity of the particles was monitored by measuring light 

absorption (at 570 nm) of released hemoglobin from the lysed RBCs. MSN revealed 

significant hemolytic activities of 5.8% at 0.25 mg/mL and 56.8% at 1 mg/mL (Figure 

2.11a). Strong electrostatic interaction between negatively charged silanol groups and 

positively charged trimethyl-ammonium head groups of the membrane lipids can 

cause membranolysis of RBCs [50]. Capping the MSNs with uncharged F127 

molecules completely prevented the hemolytic activity even at high particle 

concentration (1 mg/mL) by blocking the electrostatic interaction of silanol groups 

with the RBC membrane (Figure 2.11a). Also, photograph of the MSN treated RBCs 

show the released hemoglobin (red colour) to the supernatant, whereas no red colour 

was observed for F127-OMSN treated cells (Figure 2.11a, inset). PT and aPTT test are 
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applied to investigate extrinsic and intrinsic blood coagulation pathways, respectively. 

The PT and aPTT results of the particles at low (0.1 mg/mL) and high (1 mg/mL) 

concentrations revealed that all the values are in their normal range (Figure 2.11b) 

[50]. It is well known that some dry and porous silica materials can activate the 

coagulation cascade due to their high absorption capacities [51]. On the other hand, 

the pores of the MSN and F127-OMSN are already filled with PBS, which 

significantly decreases the absorption capacity of particles and results in the observed 

non-coagulant behaviour of the particles [50, 51]. 

 

 

Figure 2.11: (a) Hemolysis results of MSN and F127-OMSN. Inset shows photographs of 

RBCs treated with MSN (up) and F127-OMSN (down) at diǟerent concentrations. (b) PT and 

aPTT values of particles. 

 

2.5 Fluorescent Dye or Drug Loaded PEGylated MSNs 

To prepare fluorescent PEGylated MSNs, we loaded Rhodamine 6G (R6G) dye to 

OMSN [52]. Also, for control experiments we loaded R6G to MSN. We calculated a 

R6G loading capacity of 6.21 wt % for MSN. For O-MSN, we observed a lower 

loading efficiency (2.74 wt %) at same conditions which is due to the lower surface 

area and pore volume of octyl modified particles. Also, blocking of the negatively 

charged silanol groups, which are expected to interact electrostatically with the 

positively charged R6G molecules, by octyl groups may contribute to the lower drug 

absorption capacity of the OMSN. Powder of R6G loaded OMSNs were directly 

capped with F127 in PBS. Figure 2.12a shows the fluorescence spectrum of R6G 
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loaded F127-OMSN. We observed very slow release of R6G for R6G loaded F127-

OMSN which makes it promising for cell labelling and bioimaging applications. It is 

important to note that same strategy can be applied almost any dye molecule. After 48 

h F127-OMSN released only 20.1% of its load, as the R6G loaded pores are closed 

with F127 layer (Figure 2.12b). The dense polymer layer slows down the R6G release 

by acting as a diffusion barrier. On the other hand, a typical burst release profile was 

observed for MSN; 78% of the R6G molecules were released after 12 h.  

 

 

Figure 2.12: (a) Fluorescence spectrum of R6G loaded F127-OMSN. (b) ) R6G release profiles 

of MSN and F127-OMSN. 

 

Drug loading and release studies were performed using a cancer drug, doxorubicin 

(DOX). We calculated a DOX loading capacity of 15.3 µg/mg for MSN. For OMSN, 

we observed a slightly lower loading efficiency (11.5 µg/mg) at same conditions which 

is most likely due to the lower surface area and pore volume of octyl modified 

particles. Powder of DOX loaded OMSNs were directly capped with F127 in PBS (pH 

7.4) and used in drug release studies. We observed slower release profiles for F127-

OMSN at both acidic (pH 5.5) and neutral (pH 7.4) conditions compared to MSN 

(Figure 2.13). For instance, at pH 5.5 MSN released 93.9% of its load in 12 hours, on 

the other hand, 64.2% DOX release was observed for F127-OMSN at same conditions. 

The F127 polymer layer around the particles slows down the DOX release rate by 

acting as a diffusion barrier against cargo release from the pores. Also, at pH 5.5 faster 

DOX release was observed for both particles compared to pH 7.4, which is in good 
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accordance with the previous reports [52]. The slow rate of DOX release from F127-

OMSN can provide more effective therapy by preserving desired drug concentration 

in the body for longer times. 

 

 

Figure 2.13: DOX release profiles of MSN and F127-OMSN in different pH values. 

 

2.6 Synthesis and Characterization of Peptide Functionalized 

MSNs 

Octyl modified water insoluble MSNs (OMSNs) were synthesized according to our 

previous reports [46, 53] by using a one-pot respective condensation method [45]. 

Tetraethyl orthosilicate (TEOS) molecules were condensed under basic conditions and 

initial MSNs were formed. Then, octyl triethoxysilane (OTS) molecules were added 

to the reaction mixture to coat the MSNs with a hydrophobic octyl layer. The 

fluorescein isothiocyanate (FITC) molecules were conjugated to the MSNs in the fi rst 

step of the synthesis to track the uptake of particles by using confocal imaging and 

flow cytometry methods [54]. Successful conjugation of FITC to the silica network 

was demonstrated by using fluorescence spectroscopy, where emission bands of FITC 

molecules were clearly observed (Figure 2.14). Bare MSNs were prepared for control 

experiments under the same experimental conditions without the OTS addition.  
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Figure 2.14: Fluorescence spectra of MSNs showing the successful FITC conjugation to the 

silica network. 

 

Peptide amphiphiles (PAs) were synthesized by solid phase peptide synthesis 

method based on orthogonal protection and verified by liquid chromatography and 

mass spectrometry (data not shown). OMSNs were coated with PA molecules by 

simple sonication in E-PA or K-PA solutions (Figure 2.15a). As-prepared OMSNs are 

insoluble in water (Figure 2.15a, left) because their surface is covered with 

hydrophobic octyl groups. After the addition of PA solution and ultrasonication, PA 

molecules self-assembled on the OMSNs due to hydrophobic interactions between 

alkyl chains of both OMSNs and PAs. Functionalization with PAs renders the MSNs 

water dispersible by providing either positively or negatively charged water soluble 

moieties on their surfaces (Figure 2.15a, right). Photographs of MSNs dispersed in 

water are shown in Figure 2.15b. Both dispersions have light green color due to the 

covalently conjugated FITC molecules.  
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Figure 2.15: (a) Photograph showing the water dispersion of OMSNs before and after coating 

with peptide amphiphiles and (b) photographs of MSN dispersion in water. 

 

Figure 2.16 shows the TEM images of the particles. Bare MSNs exhibited an MCM-

41 type highly ordered hexagonal porous structure (Figure 2.16a). On the other hand, 

for OMSNs, a randomly porous thin shell was observed over an MCM-41 type porous 

core (Figure 2.16b) [53]. After coating the OMSNs with E-PAs, a thin organic layer 

was observed around the particles (Figure 2.16c).  

 

 

Figure 2.16: Characterization of the mesoporous silica nanoparticles. TEM images of (a) 

MSNs, (b) OMSNs and (c) E-OMSNs. 

 

The formation of a peptide coating over OMSNs was further proved by using FTIR 

and TGA methods. Figure 2.17a shows the FTIR spectra of the particles. The -CH 

peaks between 2800 cm-1 and 3000 cm-1 were observed in the spectrum of OMSNs 

indicating the successful octyl modification. These absorption bands became stronger 

for PA modified particles (E-OMSNs and K-OMSNs) due to the -CH bonds of the 
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PAs. In addition, new absorption bands between 1400 cm-1 and 1800 cm-1 appeared, 

which are in good agreement with FTIR spectra of the PAs. The amide I (1600-1690 

cm-1, C=O stretching) and amide II (1480-1575 cm-1, CN stretching, NH bending) 

bands of PAs were observed for PA functionalized MSNs. Another C=O stretching 

vibration was also observed for glutamic acid containing particles at around 1725 cm-

1 which corresponds to the side chain of the glutamic acid. Figure 2.17b shows the 

TGA analysis of the particles. For MSNs, a small weight loss of 7.8% was observed 

between 100 °C and 800 °C due to the dehydroxylation of the silica surface [48]. The 

weight loss increased to 11.9% for OMSNs and most of the weight loss occurred at 

around 500 °C indicating the decomposition of octyl moieties [53]. For E-OMSNs and 

K-OMSNs large weight loss values of 19.6% and 32.5% were recorded, respectively. 

Also, two sharp decreases were observed in the spectra of peptide coated particles 

around 400 °C and 500 °C, which correspond to the decomposition of PAs and octyl 

groups, respectively. For bare peptide amphiphiles, almost all weight was lost at 800 

°C. Based on the TGA results, we calculated grafting densities of the PA molecules on 

the OMSN surfaces [55, 56]. The grafting densities of E-OMSNs and K-OMSNs were 

0.94 and 2.95 PA/nm2, respectively, indicating that the surface of OMSNs was densely 

covered by the peptide molecules. A higher grafting density of K-OMSNs was 

observed due to the electrostatic interactions between positively charged K-PAs and 

unreacted surface silanol groups of OMSNs.  

 

 

Figure 2.17: FTIR spectra (a) and TGA spectra (b) of particles and peptide amphiphiles, 

respectively. 



 

 

27 

 

Particle sizes of the MSNs and OMSNs were calculated to be 100 nm and 104 nm, 

respectively from the TEM images (Table 2.1). The 4 nm increase in the particle size 

after octyl addition shows the ~2 nm shell formation around the particles. 

Hydrodynamic sizes of the MSN, E-MSN and K-MSN were measured by using the 

dynamic light scattering technique (Table 2.1). The OMSNs are water insoluble and it 

is not possible to measure their hydrodynamic size. Hydrodynamic sizes of the peptide 

coated particles are slightly larger (around 40 nm) than their primary particle sizes 

(size of OMSNs) due to the slight aggregation in aqueous media for these particles. 

On the other hand, aggregation becomes more pronounced for bare MSNs with a 67 

nm difference between hydrodynamic and primary particle sizes. This difference could 

be explained by the fact that two different techniques, TEM and DLS, were used for 

the measurements. While dried samples were used for TEM imaging, the 

hydrodynamic size of particles was measured using DLS where interactions with 

solvent molecules are also taken into account. The surfaces of the particles were 

characterized by measuring their zeta potentials (Table 2.1). The bare MSN surface is 

negatively charged (-37 mV) due to the surface silanol groups [50]. Modifying the 

MSN surface with a negatively charged E-PA did not significantly affect the zeta 

potential of the surface (-38 mV) since both silanol and E-PA groups are negatively 

charged. Coating the MSN surface with a positively charged K-PA, on the other hand, 

resulted in a remarkable increase in the zeta potential (-25 mV). 

 

Sample  TEM siz (nm) DLS size (nm) Zeta potential (mV) 

MSN  99.8 ± 20.7 166.5 ± 8 -36.6 ± 1.1 

OMSN 104.3 ± 21.5 N/A N/A 

E-OMSN N/A 143.8 19.8 -38.0 ± 0.8  

K-MSN N/A 145.2 1.6 -25.1 ± 0.7 

Table 2.1: Physical properties of bare, octyl modified and peptide functionalized MSNs 
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2.7 Cellular Uptake of Peptide Functionalized Fluorescent 

MSNs 

A good compatibility of therapeutic nanoparticles with biological organisms is 

necessary to prevent possible side effects of these therapies. Accordingly, the in vitro 

cytocompatibilities of the peptide coated and bare MSNs were evaluated by using 

HUVEC and A10 cell lines. The viability of the cells treated with different particle 

concentrations (10 to 200 mg/mL) was studied by using the Alamar blue assay. First, 

cells were treated with particles for 4 h and then incubated for additional 20 h in 

particle free media. None of the particles showed decrease in the viability of both cell 

lines even at a very high particle concentration of 200 mg/mL (Figure 2.18). 

 

 

Figure 2.18: Cytotoxicity results of bare and peptide functionalized MSNs. (a) A10 cells 

incubated for 4 h with particles and 20 h in particle free media and (b) HUVEC cells incubated 

for 4 h with particles and 20 h in particle free media. 

 

Improving the cellular uptake of the therapeutic nanoparticles is essential for 

enhancing their efficacy. Therefore, we studied the uptake of the particles by A10 cells 

and HUVEC by using confocal microscopy and flow cytometry techniques. Both A10 

cells and HUVEC were treated with 200 mg/mL nanoparticles for 4 h and the cells 

were analyzed after 20 h of further incubation. As shown in Figure 2.19, confocal 

microscopy revealed that the peptide coated particles were internalized remarkably 

more than the bare MSNs by both cell lines.  
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Figure 2.19: Uptake results of bare and peptide functionalized MSNs. Confocal results 

showing that peptide functionalized particles were internalized more both A10 and HUVEC 

cell lines. Upper images at left show the fluorescence of particles, lower images at left show 

the fluorescence of actin filaments stained by Phalloidin-TRITC and panels on right show the 

merged images. Scale bars: 20 µm.  

 

In order to compare the uptake amount of the particles, the fluorescence of the 

internalized particles was quantified by using a flow cytometer (Figure 2.20). More 

uptake was observed for K-OMSNs in both cell lines. The amount of internalized 

fluorescent E-OMSNs was less than that of K-OMSNs, however, they were 

internalized more than bare particles. The uptake of K-OMSNs by A10 cells and 

HUVEC was 2.3 and 6.3 fold larger than the uptake of MSNs, respectively. Also, E-

OMSNs demonstrated 1.8 and 3.1 fold increased uptake by A10 cells and HUVEC, 

respectively, compared to bare MSNs. It is well known that positively charged surfaces 

can electrostatically interact with the slightly negatively charged cell membrane [57]. 

Therefore, the highest cellular internalization was observed for positively charged K-
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PA functionalized K-OMSNs. Although, both MSN and E-OMSN samples have about 

the same zeta potential values, around -40 mV, the cellular uptake of E-OMSNs was 

significantly higher than that of the MSNs. This observation indicates that the uptake 

rate and the amount of the nanoparticles cannot be simply correlated with the net 

surface charge of the surface; instead, it is more related to the chemical structure of the 

surface functional groups. 

 

 

Figure 2.20: Flow cytometry analysis of A10 cells and HUVECs treated with bare and peptide 

functionalized MSNs. (a) Flow cytometry histograms. (b) Graph demonstrates the improved 

uptake of peptide functionalized MSNs. Data were generated from at least three independent 

experiments. According to Student's t-test, **p < 0.001 and ***p < 0.0001. 
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Chapter 3          

Ultrabright Tri-Functional MSNs with 

Reduced Non-Specific Toxicity 

 

3.1 Introduction 

Recently, ultrabright fluorescent mesoporous silica nanoparticles (MSNs) were 

prepared by physically entrapping the dye molecules inside nano-channels of MSNs 

[58-64]. This method enables efficient and facile confinement of dyes inside pores of 

MSNs. Dye molecules entrapped through their hydrophobic interaction with the 

surfactant molecules, which are normally used to generate pores and extracted after 

synthesis to open the pores. For ultrabright MSNs extraction of surfactant molecules 

results loss of fluorescence due to the extraction of physically entrapped dye 

molecules. Therefore the particles must be used as they prepared with surfactant 

molecules. However, it is known that surfactant molecules such as Cetyl 

trimethylammonium bromide (CTAB) are very toxic to the cells [65, 66]. Cytotoxicity 

of the ultrabright particles restricts their use in bioimaging. This limitation of CTAB 

containing MSNs can be turn into a benefit in therapy of cancer due to the high toxicity 

of CTAB against several cancer cell lines [66]. However, CTAB molecules 

immediately released from the open pores of MSNs and show non-selective toxicity 

against both normal and cancer cells. Therefore, new approaches are needed for slow 

down the release of CTAB molecules from pores of MSNs to develop nanoagents with 

both diagnosis and therapy capabilities and low non-specific toxicity.  
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In this context, we prepared silica capped multifunctional MSNs using Rose Bengal 

(RB) dye as a fluorescent probe and PDT agent and CTAB surfactant as both structure 

directing and chemotherapy agent (Figure 3.1).  Thin silica layer around the particles 

reduce the CTAB release by closing the mesopores and accordingly decrease the non-

specific toxicity of nanoparticles. RB dye encapsulated to the particles through CTAB 

surfactant molecules and resulting particles are ultrabrightly fluorescent. In addition, 

RB molecules produces singlet oxygen under illumination of green light which can be 

used for photodynamic therapy cancer cells.  

 

 

Figure 3.1: Schematic representation of synthesis of silica capped and dye loaded ultrabright 

MSNs.  

 

First, we showed the improved biocompatibility of silica capped MSNs (rMSN-ts) 

compared to the uncapped particles (rMSN) using red blood cells (RBCs) and L2929 

and MCF7 cell lines. Then, we demonstrated that silica capped particles are more 

suitable for cancer cell labeling applications with their reduced toxicity and increased 

cellular uptake using MCF7 cancer cells. Lastly, we studied the in vitro photodynamic 

therapy efficiencies of both capped and uncapped particles.   

 

3.2 Experimental Section 

Materials: Cetyltriammoniumbromide (CTAB), F127 pluronic polymer, 3-

(Trihydroxysilyl) propyl methylphosphonate (TSPMP), Rose Bengal 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma 
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Aldrich (USA). Tetraethyl orthosilicate (TEOS) and Methyltrimethoxysilane (MTMS) 

were purchased from Merck (Germany). All chemicals were used as purchased.  

Preparation of ultrabright MSNs: To synthesize rMSN, 200 mg CTAB and 10 mg 

of F127 were dissolved in 95 mL of water and 0.8 mL RB solution in water (5 mg/mL) 

and 0.7 mL of NaOH (2 M) were added to this solution. Then the reaction mixture was 

heated to 80 °C while stirring vigorously (600 rpm). After temperature fixed at 80 °C, 

1 mL of TEOS was rapidly added to the reaction mixture. After 15 min, 60 µL of 

MTMS was slowly added. After 45 min, 250 µL of TSPMP was slowly added and 

reaction mixture further stirred for 90 min. Finally, particles were collected by 

centrifugation at 9000 rpm for 20 min and washed with water twice. To synthesize 

rMSN-ts, 1 mL of TEOS was slowly added to reaction mixture before TSPMP 

addition. TSPMP was added 20 min later then second TEOS addition. Other 

parameters were same with the rMSN synthesis. To extract surfactant and RB 

molecules from rMSN for control experiments, particles were dispersed in 50 mL of 

20 g/L ammonium nitrate solution in ethanol and stirred vigorously at 60 °C for 30 

min. This treatment was repeated twice. Then the particles were washed with water 

twice and dried at 60 °C. 

Hemolysis assay: Hemolysis experiments were performed according to a previous 

report [17]. EDTA stabilized human blood samples were freshly obtained from 

volunteers at Bilkent University Health Center (Ankara, Turkey). First, 2 mL of blood 

was centrifuged at 1600 rpm for 5 min and blood plasma and surface layer was 

removed.  Remaining RBC pellet was washed five times with 5 mL of PBS solution 

and RBCs were diluted in 20 mL of PBS solution. Then, 0.8 mL of nanoparticle 

solutions or supernatants in PBS at different concentrations were added to 0.2 mL of 

RBC suspension. Also, positive and negative control samples were prepared by adding 

0.8 mL of water and PBS, respectively to 0.2 mL of RBC solution. Then, samples were 

incubated at 25 °C for 2 h. The samples were slightly shaken once for every 30 min to 

resuspend the RBCs and MSNs. After 2 h, samples were centrifuged at 1600 rpm and 

150 µL of supernatants was transferred to a 96-well plate. Absorbance of hemoglobin 

in supernatants was measured with a microplate reader at 570 nm. Also, absorbance at 

655 nm was recorded as reference. Percent hemolysis values were calculated from 
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three separate experiments. A Studentôs t-test was applied to all data sets and the 

difference between them accepted to be statistically significant when p < 0.05.  

Cell culture: Human breast adenocarcinoma cells (MCF-7) and murine fibroblast 

cells (L2929) were grown to confluence at 37 °C under 5% CO2 in Dulbeccoôs 

Modified Eagle Serum (DMEM) containing 1% penicillin/streptomycin, 10% fetal 

bovine serum (FBS) and 2 mM L-glutamine.  

Cell viability tests: 104 cells/well were seeded to 96-well plates for both cell lines. 

After overnight of culture, MSNs in 11 µL of PBS were added to the wells to give final 

nanoparticle concentrations between 10 and 200 ɛg/mL. Then the cells were incubated 

for 4, 24 or 72 h. The cytotoxicity of particles was determined by the MTT reduction 

assay. First MSN containing medium was removed and 100 µL of fresh medium was 

gently added. Then filter-sterilized 20 µL of MTT reagent (5 mg/mL in PBS) was 

added to each well, and the plates were incubated for 4 h at 37 °C. After incubation, 

medium was removed and the precipitated formazan crystals were dissolved by adding 

acidic IPA. Optical density of dissolved formazan crystals was measured at 570 and 

655 nm using a microplate reader.  The optical density of wells containing untreated 

cells was considered as 100%. All the experiments were performed in triplicate. 

Fluorescence microscopy: 5 × 104 MCF7 cells/well were seeded to 24-well plates 

and cultured for 48 h. After culture, nanoparticles in 55 µL of PBS were added to the 

wells to give final nanoparticle concentrations of 100 ɛg/mL. After 4h of incubation, 

nanoparticle containing mediums were removed, cells were washed with PBS three 

times. Finally, optical and fluorescence images of cells were taken in PBS.  

PDT experiments: 104 MCF7 cells/well were seeded to 96-well plates and cultured 

for 48 h. After culture, nanoparticles in 11 µL of PBS were added to the wells to give 

final nanoparticle concentrations of 100 ɛg/mL. After 4h of incubation, nanoparticle 

containing mediums were removed, cells were washed with PBS, fresh medium was 

added and cells were further incubated for 16 h. Then, cells were illuminated with a 5 

mV green laser for 30 s and incubated for 1 h. Finally, cell viabilities were determined 

using a MTT assay.   

Characterization: Transmission electron microscopy (TEM) images were taken 

using a Tecnai G2 F30 (FEI) microscope. Zeta potentials of nanoparticles were 

measured with Zetasizer Nanoseries (Malvern Instruments). Optical absorption 
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measurements in cytotoxicity and hemolysis assays were carried out using a 

Microplate reader (Spectramax M5, Molecular Devices). Absorption spectra of 

nanoparticles were recorded using a UV-Vis absorption (Cary 100, Varian) 

spectrophotometer. Fluorescence spectra of the nanoparticles were recorded by a 

Fluorescence Spectrophotometer (Eclipse, Varian).  

 

3.3 Synthesis and Characterization of Ultrabright 

Fluorescent MSNs 

Synthesis steps of RB containing uncapped and silica capped MSNs are outlined in 

Figure 3.1. RB loaded surfactant containing MSNs (named as rMSN) were prepared 

using the surfactant (CTAB) assistant loading method. To cap the pores of rMSN, 

excess silica precursor (TEOS) was added after the formation of rMSN in a one-pot 

reaction, which yields a thin and uniform silica shell around the particles. The silica 

capped particles were named as rMSN-ts. Also, a surfactant-free MSN (rMSN-ex) was 

prepared by extracting the CTAB -and accordingly the encapsulated RB- of rMSN for 

control experiments. 

Figure 3.2 shows the TEM images of the rMSN and rMSN-ts which have fairly 

monodisperse particle size distribution with a short rod-like shape. Close up TEM 

image of rMSN (Figure 3.2a, the column) shows the hexagonally ordered 

mesostructure of these particles. Formation of a uniform silica shell (~8.5 nm) around 

the rMSN-ts can be easily observed from Figure 3.2b. Importantly, silica capping 

process did not cause a significant change in the morphology of the particles; 

hexagonally ordered mesostructured core was still observable. Particle length, width 

and aspect ratio of the particles were summarized in the Table 3.1. As expected, length 

and width of the particles slightly increased after formation of the silica shell. Also, 

aspect ratio was slightly decreased after silica shell formation due to the uniform size 

increase in both directions.  
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Figure 3.2: TEM images of the ultrabright MSNs; (a) rMSN and (b) rMSN-ts. Left and right 

panels shows the low and high magnification images of the particles, respectively. Both 

particles have short rod-like shape and fairly monodisperse in size. Uniform silica layer around 

rMSN-ts can be easily observed from the images. Orange arrows in (b) indicate the nonporous 

shells formed around the porous cores of rMSN-ts.   

 

 

 

Sample 

 

CTAB 

exchange 

 

Aspect 

ratio 

 

Length 

(nm) 

 

Width  

(nm) 

Shell 

Thickness 

(nm) 

RB 

content 

(mg/g) 

Zeta 

Potential 

in PBS 

(mV) 

rMSN no 1.38  119 ± 30 86 ± 14 N/A 8.6 3.3 ± 0.9 

rMSN-ts no 1.29  133 ± 27 103 ± 15 8.4 ± 1.5 5.1 -13.1 ± 0.2 

rMSN-ex yes 1.38  119 ± 30 86 ± 14 N/A N/A -6.3 ± 0.3 

Table 3.1: Physical properties of ultrabright MSNs.  

 

    To determine the RB content of nanocarriers, we extracted encapsulated RB 

molecules using ethanol and measured the absorption spectra of the extracted RB. 
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Accordingly, dye contents were calculated to be 8.6 and 5.1 mg/g of MSN for rMSN 

and rMSN-ts, respectively (Table 3.1). The lower RB content of rMSN-ts is due to the 

formation of dye-free shell after second TEOS addition, which decreases the dye 

amount per gram of silica. However, it can be assumed that core of the rMSN-ts 

contains approximately same amount of RB with rMSN since the synthesis conditions 

are the same. It should be noted that, the alcohols like ethanol can penetrate into the 

hydrophobic cores of CTAB micelles, where they can easily dissolve and extract the 

RB molecules. On the other hand, water cannot penetrate into the hydrophobic 

micelles and RB molecules stay in the pores in aqueous media. 

 

3.4 Optical Properties of Ultrabright Fluorescent MSNs 

Optical properties of the ultrabright particles were studied and compared with free 

RB molecules at same dye concentration. Figure 3.3a reveals that the absorption 

maxima of rose Bengal (RB) molecules confined in the pores of rMSN and rMSN-ts 

were approximately 10 nm red shifted compared to the free RB molecules, which may 

be due to the interactions between close proximity RB molecules inside the 

nanochannels and also the absence of water molecules in the hydrophobic cores of 

CTAB micelles. Similarly, we observed a red shift of around 15 nm in the fluorescence 

spectra of both rMSN and rMSN-ts (Figure 3.3b).  

To explore the brightness of particles, we collected the fluorescence spectra of 

particles and free RB molecules at same dye concentration (5 µg/mL) and at various 

excitation wavelengths. Figure 3.3c clearly shows that when the RB molecules are 

confined in the pores of MSNs their fluorescence enhanced up to 20 fold. It is 

important to note that rMSN and rMSN-ts demonstrated almost same fluorescence 

intensity at all excitation wavelengths indicating that the silica capping process has no 

effect on the fluorescence of the particles. In addition, for better visualization we 

produced a 2D color map showing the fluorescence intensity of free RB and rMSN-ts 

depending on the excitation wavelength (Figure 3.4). At the same fluorescence scale, 

fluorescence of free RB was hardly distinguishable from the background. On the other 

hand, strong fluorescence of rMSN-ts was clearly observable.  
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Figure 3.3: (a) Normalized UV-Vis spectra of free RB molecules and ultrabright particles, (b) 

Normalized fluorescence spectra of free RB molecules and ultrabright particles, (c) 

Fluorescence maxima of free RB molecules and ultrabright particles at different excitation 

wavelength. 

 

 

Figure 3.4: 2D color maps showing the excitation wavelength dependent fluorescence 

intensities of (a) free RB molecules and (b) rMSN-ts at same dye concentration.   
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3.5 Hemolytic Activity of Ultrabright Fluorescent MSNs 

A hemolysis assay was used to determine the toxicity of ultrabright MSNs on red 

blood cells (RBCs) [17]. 0.2 mL of isolated RBCs were mixed with 0.8 mL of 

nanoparticles in PBS to give desired MSN concentration, at a range of 10 to 200 

µg/mL, and incubated at 25 ºC for 2 hours. Figure 3.5a shows the concentration 

dependent hemolytic activity of the ultrabright MSNs. rMSN demonstrated a high 

hemolytic activity; at 200 µg/mL 35.8% and at 100 µg/mL 7.1% of RBCs were 

hemolyzed. Capping the particles with a thin silica layer drastically decreased the 

hemolytic activity; rMSN-ts showed low hemolytic activity of 3.1% and 1.4% at 200 

and 100 µg/mL concentrations, respectively. In addition, hemolytic activity of the 

rMSN was investigated after surfactant extraction (Figure 3.5a). rMSN did not reveal 

any detectable hemolysis of RBCs in the studied concentration region  after surfactant 

extraction due to the phosphonate functional group on its surface (see Chapter 6 for 

more detailed information on hemolytic activity of phosphonate modified MSNs).  

In order to further investigate the origin of the hemolytic activity of ultrabright 

MSNs, we also incubated the RBCs with the supernatants of rMSN and rMSN-ts which 

are incubated in PBS for 2 h (Figure 3.5b). It is well known that released surfactant 

molecules (CTAB) can cause hemolysis [17]. However, we did not observe any 

supernatant originated hemolytic activity at either low (25 µg/mL) or high particle 

(200 µg/mL) concentrations. These results revealed that the hemolytic activity of the 

ultrabright MSNs is related with the surface immobilized CTAB molecules which is 

positively charged and may strongly interact with the RBC membrane. Capping the 

particles with a thin silica layer significantly reduce the hemolytic activity of 

ultrabright MSNs by preventing the interactions between positively charged CTAB 

surfactant molecules and RBC membrane.  
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Figure 3.5: (a) Hemolytic activity of ultrabright and extracted MSNs. (b) Hemolytic activity 

of supernatants of ultrabright particles.   

 

3.6 Cytotoxicity of Ultrabright Fluorescent MSNs 

Cytotoxic effects of surfactant containing MSNs were studied using two different 

cell lines; as normal and cancer cells, we used murine fibroblast L2929 and MCF-7 

human breast cancer cell lines, respectively. Figure 3.6 shows the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) results for both cell 

lines after short (4 h), moderate (24 h) and long (72 h) incubation with rMSN, rMSN-

ts and rMSN-ex in the particle concentration range of 10 to 200 µg/mL. rMSN showed 

immediate toxicity against both cell lines; even after 4 h of incubation cell viabilities 

were significantly reduced. This extreme toxicity of rMSN is due to the release of toxic 

CTAB surfactant from the open pores of the particles [67]. On the other hand, a 

delayed toxicity profile was observed for rMSN-ts for both cell lines thanks to the slow 

release of CTAB molecules from silica capped pores. After 4 h, no cytotoxicity was 

observed even at the high particle concentration of 200 µg/mL, which makes the 

rMSN-ts suitable for cell labelling applications. After 24 h of incubation, rMSN-ts was 

decreased the viability of both cell lines especially at high particle concentrations, yet 

cellular viabilities are larger for rMSN-ts than rMSN for all cases. After 72 h, both 

rMSN and rMSN-ts largely reduced to the cell viabilities around 10% for both cell 

lines. We also studied the effect of surfactant extracted particles (rMSN-ex) on cell 

viability as negative control of CTAB induced cytotoxicity. We observed that rMSN-
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ex decreased the cellular viability at only high particle concentrations after especially 

72 h of incubation which may be due to the intrinsic toxicity of this mesoporous silica 

material or the residual CTAB molecules remained in the particles after surfactant 

extraction. This also indicates that the cytotoxicity of ultrabright MSNs mainly 

originated from the CTAB molecules adsorbed in the pores. In addition, it should be 

noted that for all cases toxicity of particles against cancer cell is larger than that of 

normal cells.  

 

 

Figure 3.6: Cytotoxicity results of ultrabright MSNs against normal (L2929) and cancer 

(MCF7) cell lines. (a-c) viability of L2929 cells after (a) 4 h, (b) 24 h and (c) 72 h of incubation 

with particles. (d-f) viability of MCF7 cells after (d) 4 h, (e) 24 h and (f) 72 h of incubation 

with particles.       
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3.7 Fluorescent Imaging with Ultrabright MSNs 

Figure 3.7 shows the fluorescence and bright field optical microscope images of the 

MCF7 cells that were incubated or not incubated with ultrabright MSNs for 4 h. Less 

fluorescence was observed for rMSN compared to the rMSN-ts indicating that rMSN-

ts was more effectively uptaken by MCF7 cells. Also, the fluorescence signal of rMSN 

mainly concentrated on the edges of the cells showing that most of the positively 

charged rMSNs attached to the cell membrane instead of uptaken by the cells. On the 

other hand, fluorescence signal homogeneously distributed inside the cells for rMSN-

ts indicating that the particles were uptaken by the cells and dispersed in the cytoplasm 

of the cells.  

 

 

Figure 3.7: Fluorescence, bright field and merged images of MCF7 cells untreated or treated 

with 100 µg/mL of particles for 4 h. rMSN-ts revealed significantly higher cellular uptake 

compared to rMSN. Scale bars: 20 µm. 
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3.8 Phototoxicity of Ultrabright MSNs 

In addition to their chemotoxicity, ultrabright MSNs are expected to be phototoxic 

to the cells because RB is a well-known photosensitizer that produces singlet oxygen 

when illuminated with green light [68]. Therefore we investigated the phototoxicity of 

ultrabright MSNs using MCF7 cells (Figure 3.8). We first incubated the cell with 

particles for 4 h at the 100 µg/mL of particle concentration and then we removed the 

particle containing medium and further incubated the cells for 16 h in a particle-free 

medium. After incubation, we illuminated half of the wells with a green laser (5 mV) 

for 30 s and other half not. In the absence of light both rMSN and rMSN-ts reduced 

the viability of MCF7 cells due to their chemotoxicity which is proved in the previous 

section. Also, as expected more reduction in cell viability was observed for rMSN. In 

the presence of light, the cell viabilities were further reduced to around 20%. The 

photo-induced reduction in the viability was more pronounced for rMSN-ts than rMSN 

which may be due to its higher uptake capacity by MCF7 cells. These results indicates 

that rMSN-ts is very promising for synergetic chemo- and photodynamic- therapy of 

cancer with reduced toxicity to normal cells and RBCs.   

 

 

Figure 3.8: Photodynamic therapy results of MCF7 cells. Viability of the cells treated with 

100 µg/mL of particles for 4 h after illuminated or not illuminated with a green laser for 30 s. 

* indicates p <0.05 according to the studentôs t-test. 
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Chapter 4          

Nanoconfinement of Pyrene in MSNs for 

Detection of Trace TNT in Aqueous Phase  

 

 

4.1 Introduction 

Contamination of water resources by nitroaromatic explosives, particularly 

trinitrotoluene (TNT), is a major global concern since these molecules are highly toxic 

to the biological organisms [69, 70]. Therefore, sensitive and selective detection of 

nitroaromatic explosives in water has attracted a great deal of interest in recent years 

[71, 72]. Currently employed methods for their detection include ion mobility 

spectroscopy (IMS), mass spectrometry, gas chromatography (GC), and infrared 

absorption spectroscopy [73-76]. Although these methods are usually sensitive, they 

are limited by their time-consuming and complicated procedures and costly and bulky 

instrumentation [75]. In this context, fluorescence based sensors are very promising 

for the development of cost-effective and portable explosive sensing devices with high 

sensitivity and selectivity [71, 72]. For instance, using quantum dots [77-79] 

fluorescent dyes, [80-82] metal organic frameworks (MOFs), [83-85]  and conjugated 

polymers [86-89] nitroaromatic molecules were detected in aqueous phase. However, 

these methods generally have some drawbacks such as high detection limit, 

interference from non-nitroaromatic compounds, laborious and costly synthesis and 

poor stability of fluorescent probes in the atmospheric conditions. Therefore, facile 
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and cost-effective development of robust nitro-explosive sensing platforms with good 

sensitivity and selectivity is still needed.  

In this context, we report the preparation of pyrene confined MSNs for rapid and 

reliable detection of TNT in water. It is well known that fluorescence of pyrene (a ˊ-

conjugated fluorophore with high quantum yield and long life time) is quenched by 

nitroaromatic explosives through photoinduced electron transfer (PET) [90, 91]. 

Particularly, excimer emission of pyrene, which is observed in the presence of ˊ-ˊ* 

stacking interaction between excited and ground state pyrene molecules, is very 

sensitive towards nitroaromatics. Recently, we and others used pyrene excimer 

fluorescence for the detection of nitroaromatic molecules utilizing nanomaterials that 

contains chemically attached or more simply physically encapsulated pyrene 

molecules [82, 92-100]. However, most of these studies aimed to detect nitroaromatic 

explosives in vapor phase or in organic solvents and studies for the determination of 

nitroaromatic explosive contaminated water is very rare [94-97]. In addition, for the 

materials with pyrene excimer emission, the detection limit in aqueous phase is 

generally poor (at µM level). Herein, we demonstrated the trace (nM level) detection 

of TNT in aqueous phase using pyrene confined MSNs. In order to confine pyrene 

molecules in MSNs, we firstly dissolved hydrophobic pyrene molecules in water using 

cetyltriamonium bromide (CTAB) surfactant. Pyrene molecules were encapsulated in 

the hydrophobic inner parts of the rod-shaped surfactant micelles. Then, we 

polymerized a silica precursor (tetraethyl orthosilicate; TEOS) around these micelles 

in basic conditions to obtain organic/inorganic hybrid nanoparticles that contain 

confined pyrene molecules inside their 2-3 nm sized mesostructures. Nano-

confinement of pyrene inside these mesostructures resulted in a bright and visible 

excimer emission. Recently, we reported that excimer emission of the pyrene doped 

materials can easily diminish overtime due to the dissociation of close proximity 

pyrene molecules [92]. To our surprise, we observed that pyrene excimer emission of 

these hybrid nanoparticles is stable for at least six months. 

We studied TNT sensing performance of the nanoparticles in water for TNT 

concentration varying from 10 nM to 10 µM based on quenching of excimer emission. 

We observed that the quenching of excimer emission is very selective and sensitive to 

TNT. In addition, emission quenching can be visually observed under UV-light 
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enabling the naked-eye detection of TNT contaminated water. Pyrene confined MSNs 

with their easy synthesis, high stability, high sensitivity and cost-effectiveness can be 

potentially used for the detection of TNT contaminated water. 

    This work published on the Nanoscale (2014, 6, 15203-15209) journal. Reproduced 

with permission from The Royal Society of Chemistry. 

 

4.2 Experimental Section 

Materials: Tetraethyl orthosilicate (TEOS), chloroform, and sodium hydroxide 

were purchased from Merck (Germany). Pluronic® F127, 

cetyltrimethylammoniumbromide (CTAB) and pyrene were purchased from Sigma-

Aldrich (USA). All chemicals were used as received without any purification. 

Synthesis of pyrene confined MSNs: Pyrene confined MSNs (pMSNs) were 

synthesized by slightly modifying previous methods [46, 54, 101]. Certain amount of 

pyrene (6, 12, 22, and 40 mg) was dissolved in 500 µL of chloroform and 200 mg of 

CTAB was dissolved in 30 mL of deionized water. Then, pyrene solution was added 

to the CTAB solution and the mixture was stirred at 60 °C for 20 min. During stirring, 

chloroform evaporated and pyrene homogeneously dispersed in the CTAB solution. 

For the reaction mixture, 20 mg of F127 was dissolved in 66 mL of deionized water 

and 0.7 mL of 2.0 M sodium hydroxide solution was added. CTAB solution was added 

to the reaction mixture, and the mixture was heated to 80 °C. Then, 1 mL of TEOS 

was rapidly added under stirring at 600 rpm. The reaction mixture was refluxed for 2 

h. Finally, particles were collected by centrifugation at 9000 rpm for 20 min and 

washed with deionized water twice. Then, particles were dispersed in 80 mL of 

deionized water. Final particle concentration in the dispersion was 5.1 mg/mL.  

Characterization of nanoparticles: Structure of pMSNs was investigated with 

transmission electron microscope (TEM) (Tecnai G2-F30, FEI) and scanning electron 

microscope (SEM) (Quanta 200 FEG, FEI). Absorption spectrum of pMSNs was 

recorded with UV-Visible spectrophotometer (Cary 100, Varian). Fluorescence 

spectra of pMSNs were recorded with fluorescence spectrophotometer (Eclipse, 

Varian). Size distribution of the nanoparticles were analysed using a zetasizer 

(Malvern Instruments).  
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Fluorescence quenching experiments: Fluorescence quenching based sensing 

experiments were performed in a quartz cuvette. 3 mL of 0.02 mg/mL pMSNs 

dispersion were used for each sensing measurement. Fluorescence spectrum of pMSNs 

dispersion was recorded before analyte addition (excitation wavelength was 340 nm). 

Then, TNT aqueous solutions were added in order to adjust the TNT concentrations 

between 10 nM and 10 µM and then, fluorescence spectrum of the dispersion was 

recorded again. Selectivity experiments were performed using aqueous solutions of 

trinitrotoluene, dinitrotoluene, nitrobenzene, benzoic acid, aniline, chloroform, 

methanol, hydrochloric acid, sodium hydroxide, and sodium chloride. Final 

concentration of all interfering analytes was 10.0 µM in the fluorescence assay. 

 

4.3 Synthesis and Characterization of Pyrene Confined 

MSNs 

Pyrene confined MSNs (pMSNs) were synthesized via polymerization of TEOS 

monomer in the presence of CTAB surfactant under basic conditions. Basic condition 

prevents the complete hydration of TEOS and increases the residual ethoxy groups to 

promote the self-assembly of negatively charged silicates with positively charged 

cetyltrimethylammonium (CTA) micelles [47, 102]. Therefore, the ordered 

mesostructure formed through the self-assembly of CTA micelles and silicates. Pyrene 

was added to the reaction mixture before the polymerization of silica and encapsulated 

by the hydrophobic parts of the CTA micelles (Figure 4.1). Therefore, CTA micelles 

performed as both the templating agent for the formation of mesostructures and 

nanocontainers for pyrene confinement. In addition, we used a second surfactant (a 

pluronic block copolymer; F127) in order to prevent particle aggregation during the 

synthesis and to provide the particles colloidal stability. (Figure 4.1). 
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Figure 4.1: Schematic representation for the formation of pMSNs. Pyrene is confined in CTA 

micelles through hydrophobic-hydrophobic interactions. After the addition of TEOS, silica 

grows around the self-assembled pyrene confined CTA micelles. F127 pluronic polymer 

prevents particle aggregation during the silica growth. 

 

Fig. 2 shows TEM and SEM images of the pMSNs prepared using 40 mg of pyrene. 

pMSNs have mesostructures with sizes of approximately 2-3 nm. pMSNs are spherical 

in shape and their average particle size is 74 ± 9 nm (Figure 4.2a). Also, particle size 

distribution of pMSNs is fairly narrow (Figure 4.2b). In addition, we synthesized 

pMSNs using different amounts of pyrene; 6, 12, and 22 mg. We observed that pyrene 

concentration significantly affects the size and shape of the silica nanoparticles. For 

instance, pMSNs prepared using 6 and 22 mg of pyrene have rod-like shapes with high 

polydispersity. Furthermore, pMSNs prepared using 12 mg of pyrene were 

interconnected during the synthesis which may cause poor colloidal stability in water 

(Figure 4.3). 
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Figure 4.2: Morphology of pMSNs. (a) TEM, and (b) SEM images of the pMSNs prepared 

using 40 mg of pyrene indicating the uniform size and shape distribution of the nanoparticles. 

 

 

Figure 4.3: TEM images of pMSNs prepared using (a) 6 mg, (b) 12 mg, and (c) 22 mg of 

pyrene. 

 

Figure 4.4 shows the UV-Visible absorption and fluorescence spectra of pMSNs 

prepared using 40 mg of pyrene. Three individual peaks at 304, 321, and 336 nm in 

the UV-Vis spectrum are the absorption bands of pyrene.  The emission bands around 

370-400 nm in the fluorescence spectrum correspond to the monomer emission which 

is formed by the relaxation of singlet excited pyrene [103]. The broad emission peak 

centered at 475 nm, on the other hand, is the excimer emission that occurs when an 

excited state pyrene makes ˊ-ˊ* stacking interaction with a ground state pyrene.  High 

excimer emission intensity to monomer emission intensity (Iexc/Imon) ratio (2.2) was 

observed for these nanoparticles (calculated using the intensities at 394 nm and 475 
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nm for monomer and excimer emission, respectively). Iexc/Imon ratios were determined 

to be 0.4, 0.8, and 1.8, for the pMSNs prepared using 6 mg, 12 mg, and 22 mg of 

pyrene, respectively (Figure 4.5). Since more pyrene molecules form more dimers 

through ˊ-interaction, excimer emission intensity and Iexc/Imon ratios increased with 

increasing pyrene concentration. Accordingly, we used pMSNs prepared using 40 mg 

of pyrene in the rest of the study owing to their more uniformly distributed particle 

size and higher Iexc/Imon ratio. 

 

 

Figure 4.4: UV-Vis absorption spectrum (blue) and fluorescence emission spectrum (red) 

(excitation wavelength was 340 nm) of pMSNs prepared using 40 mg of pyrene. Three peaks 

observed at 304, 321, and 336 nm are the absorption bands of pyrene. The peaks at 370-400 

nm are the monomer emission of pyrene. The broad emission band centered at 475 nm is the 

excimer emission. 
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Figure 4.5: Iexc/Imon ratios of pMSNs prepared using various amounts of pyrene.  

 

To determine the amount of pyrene that was encapsulated in pMSNs, we extracted 

pyrene using tetrahydrofuran (THF) and measured the absorbance of the extracted 

pyrene using a UV-Visible absorption spectrophotometer. Pyrene content in the 

particles was calculated to be 0.038 mg/mg of pMSNs. Considering that the total 

amount of synthesized pMSNs was 410 mg, it can be calculated that almost 40% of 

pyrene used in the synthesis was encapsulated in the nanoparticles. Leakage of pyrene 

from CTA micelles of the mesostructured silica may cause decay of the excimer 

emission due to decreasing pyrene concentration in the pMSNs. To check the 

confinement stability of pyrene in the mesostructure, we centrifuged the pMSNs 

dispersion (stored for six months at ambient conditions) and measured the emission of 

the supernatant. There was almost no emission signal in the supernatant indicating the 

stability of pyrene confined micelles inside the MSNs (Figure 4.6). More importantly, 

after six months, pMSNs exhibited a bright excimer emission similar to that of the as-

prepared particles (Figure 4.7). Also, Iexc/Imon ratio of the stored pMSNs was calculated 

to be 2.0 suggesting the long-term storability of these nanoparticles (Figure 4.7, inset). 
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Figure 4.6: Fluorescence spectra of pMSNs (black) and supernatant (red) of pMSNs which 

was obtained after centrifuging the pMSNs. 

 

 

Figure 4.7: Fluorescence spectrum of pMSNs which was stored for six months at ambient 

conditions. Inset shows the Iexc/Imon ratios of as-prepared and stored pMSNs. 

 

Particle size distribution of pMSNs in water was determined using dynamic light 

scattering (DLS) technique. Average particle size was measured as 84.8 nm (Figure 

4.8), which is very close to the size calculated from the TEM images, indicating the 

good dispersibility of the nanoparticles in water. Besides of dispersibility, colloidal 
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stability of the nanoparticles is very important for reliable and repeatable fluorescence 

measurements. To investigate the stability of the particles, we measured the time-

dependent size distribution of the pMSNs. Average particle size remained almost 

constant for at least 1.5 h which is far longer than the duration of a single sensing 

measurement (Figure 4.8, inset).  

 

 

Figure 4.8: Particle size distribution of the pMSNs measured using dynamic light scattering 

technique. Inset shows the average particle size of pMSNs with respect to time. 

 

4.4 TNT Sensing Performance of the pMSNs 

pMSNs exhibit strong excimer emission in the absence of TNT molecules. When 

TNT binds to pyrene through ˊ-ˊ* interaction, emission of pyrene is quenched through 

photoinduced electron transfer (PET) from excited pyrene molecule to TNT [91]. To 

investigate TNT sensing performance of the pMSNs, we recorded fluorescence spectra 

of pMSNs dispersion before and after the addition of TNT with concentrations ranging 

from 10 nM to 10 µM. Both monomer and excimer emission intensities of pyrene were 

quenched gradually with increasing TNT concentration (Figure 4.9a). After the 

addition of 10 µM of TNT, excimer emission was completely quenched, on the other 

hand, significant monomer emission still can be observed. Figure 4.9b shows the rapid 
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quenching of the excimer emission upon addition of 500 nM of TNT. Excimer 

emission quenching reaches its maximum within only 45 seconds and remains constant 

up to five minutes. It is important to note that in the absence of TNT, excimer emission 

is constant within the same time interval (Figure 4.9b).  

 

 

Figure 4.9: (a) Fluorescence emission spectra of the pMSNs with increasing TNT 

concentrations. Excitation wavelength was set at 340 nm for the measurements. (b) Time-

dependent excimer emission intensity of the pMSNs in the absence and in the presence of 500 

nM of TNT. 

 

Figure 4.10 shows quenching efficiencies of the excimer and monomer emission of 

pMSNs depending on the TNT concentration. Quenching efficiency of the excimer 

emission at 475 nm was 3.1% for 10 nM of TNT and reached to 67.2% and 98.9%, 



 

 

55 

 

when 1.0 µM and 10 µM of TNT were added, respectively. On the other hand, for all 

concentrations, quenching efficiency of the monomer emission at 394 nm was lower 

than that of the excimer emission which indicates the higher sensitivity of the excimer 

emission against TNT (Figure 4.10a). Figure 4.10b shows the exponential fit to 

quenching data in the range from 10 nM to 1.0 µM (regression constant is 0.99). Using 

this calibration curve, we calculated the detection limit of the fluorescent sensor to be 

12 nM against TNT. 

 

 

Figure 4.10: (a) Quenching efficiencies of the pMSNs depending on the TNT concentration 

based on the excimer emission (at 475 nm) and monomer emission (at 394 nm). (b) Calibration 

curve for TNT concentration in the range from 10 nM to 1.0 µM. 
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 In addition to the higher quenching efficiency of excimer emission, its bright blue 

colour enables the naked-eye detection of TNT. Accordingly, quenching of the 

excimer emission of pMSNs was visually observed under the UV-light illumination. 

Figure 4.11 shows the photographs of pMSNs taken before and after the addition of 

0.4 µM, 1.0 µM, 4.0 µM, and 8.0 µM of TNT. Excimer emission intensity significantly 

reduced when 0.4 µM of TNT was added. Emission was further quenched with the 

increasing TNT concentration and almost no excimer emission remained with the 

addition of 8.0 µM of TNT. 

 

 

Figure 4.11: Optical photographs of pMSNs dispersions under UV-light before and after the 

addition of 0.4 µM, 1.0 µM, 4.0 µM, and 8.0 µM of TNT. Quenching of the excimer emission 

is clearly visible for the increasing TNT concentration. 

 

To demonstrate the selectivity of pMSNs against TNT, we measured the 

fluorescence of pMSNs after addition of 10.0 µM aqueous solutions of various 

aromatic and non-aromatic substances. Figure 4.12 shows the quenching efficiencies 

of excimer emission observed for the tested analytes. Quenching efficiency for TNT 

was 98.9% whereas quenching efficiencies for other nitroaromatic compounds were 

40% and 25% for dinitrotoluene (DNT) nitrobenzene (NB), respectively. On the other 

hand, chloroform, sodium hydroxide, benzoic acid, aniline, sodium chloride, 

methanol, and hydrochloric acid did not quenched excimer emission significantly 

indicating the sensitivity of the excimer emission for nitroaromatic explosives. Lower 

quenching efficiencies for DNT and NB compared to that for TNT were due to their 
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fewer nitro (NO2) groups; DNT has two NO2 groups and NB has one NO2 group. Since 

the driving force for the electron transfer is low reduction potential, TNT with its three 

NO2 groups has the lowest reduction potential and higher electron accepting ability 

[104]. Therefore, excimer emission was quenched more in the presence of TNT 

compared to DNT and NB at the same conditions. 

 

 

Figure 4.12: Fluorescence quenching efficiencies of excimer emission for 10.0 µM aqueous 

solutions of various analytes (TNT: trinitrotoluene, DNT: dinitrotoluene, NB: nitrobenzene, 

Ch: chloroform, NaOH: sodium hydroxide, BA: benzoic acid, Ani: aniline, NaCl: sodium 

chloride, Met: methanol, and HCl: hydrochloric acid). 
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Chapter 5            

A Porosity Difference Based Selective 

Dissolution Strategy to Prepare Hollow MSNs 

 

5.1 Introduction 

Hollow silica nanostructures are attracting a great deal of interest in many research 

areas including controlled drug delivery, catalysis, bioimaging, optical coatings and 

absorbents due to their unique properties such as high surface area and pore volume, 

ease surface functionalization, chemical stability and low toxicity [105-107]. They are 

often prepared using template based methods in which a variety of hard [108-115] 

(polymer or inorganic micro/nano-particles) or soft [116-123] templates (droplets, 

bubbles, micelles etc.) can be applied. However, template based methods have some 

drawbacks which prevent their widespread applications. For instance, hard templating 

methods have tedious multistep and time-consuming procedures including core 

synthesis, surface functionalization of core, silica deposition and core etching. Soft 

template methods, on the other hand, involves less synthesis steps; however products 

of these methods are often have ill-defined shapes and polydisperse in size due to 

deformability of soft-templates [105]. Recently, templateless (or self-templating) 

methods such as surface protected etching [124-126] and selective etching [127-130] 

have emerged to fulfil the need for simple, effective and scalable synthesis of hollow 

silica nanostructures. However, these templateless methods usually require corrosive 

and toxic etching agents (strong alkaline or HF solutions) to selectively etch cores of 
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solid silica particles. A few recent works reported that under the mild conditions (water 

or slightly acidic solutions) silica nano/microparticles can go spontaneous structural 

change from solid spheres into hollow particles [131-136]. Unfortunately, in these 

methods a special care must be taken to control the shell thickness and particles 

morphology since they are very dependent to the reaction conditions such as pH, 

temperature, and etch time. Also, the shells of resulting hollow particles usually do not 

have accessible mesopores which restricts their applications in many fields such as 

controlled drug release, catalysis and pollutant adsorption. In addition, the shape of the 

hollow particles prepared through spontaneous structural change process are limited 

with spheres since their synthesis often started with spherical Stöber silica 

nanoparticles. Other than spheres, rods or tubes can be more desired for some 

applications. For example, rod shaped particles are proved to be more effective in 

biological applications than their spherical counterparts due to their higher cellular 

uptake [137]. Overall, facile and scalable preparation of hollow silica nanostructures 

with tailored shape and porosity is still a great challenge.   

Here, we report a distinct templateless method (i. e. porosity difference based 

selective dissolution strategy) to prepare hollow silica nanospheres and nanorods with 

mesopores on their shells using a mild etching agent; phosphate buffered saline (PBS) 

(Figure 5.1). The method is based on the selective dissolution of mesoporous silica 

cores of solid silica shell/mesoporous silica core nanoparticles, which gives a good 

control over particle size, shell thickness, porosity and particle shape (sphere or rod). 

The method involves two steps; (i) synthesis of core/shell nanospheres or nanorods in 

a one pot reaction and (ii) selective etching of mesoporous cores in PBS. The particle 

morphology can be controlled using rose Bengal (RB) dye. Rod-shaped mesoporous 

silica nanoparticles (MSNs) with controllable aspect ratio can be prepared in the 

presence of RB; in the absence of RB particles are spherical. Solid silica shells can be 

coated over these particles by simply addition of excess silica precursor during the 

synthesis. To our surprise, during the hollowing process, mesopores developed on the 

solid silica shells which provides accessibility to the hollow interior of the particles. 

In addition, we proposed a dissolution mechanism to the observed porosity difference 

based dissolution of core/shell nanoparticles. Furthermore, we prepared self-

luminescent hollow MSNs using organosilane-modified core/shell particles. 
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Figure 5.1: Schematic representation of synthesis of hollow nanospheres and nanorods. In the 

presence of RB dye rod-shaped particles are formed. Addition of excess TEOS during the 

reaction produces uniform silica shell around particles. During the incubation in PBS, core 

shell. 

 

5.2 Experimental Section 

Materials: Cetyltriammoniumbromide (CTAB), F127 pluronic polymer, and Rose 

Bengal were purchased from Sigma-Aldrich (USA). Tetraethyl orthosilicate (TEOS) 

and aminopropyl triethoxysilane (APTES) were purchased from Merck (Germany). 

All chemicals were used as purchased. 

Preparation of mesoporous silica nanospheres and nanorods: Nanospheres were 

prepared by modifying previous reports [46, 47, 101]. Briefly, 200 mg CTAB was 

dissolved in 95 mL of water and 1 mL of F127 solution (5 mg/mL in water) and 0.7 

mL of 2 M NaOH were added onto this solution. Then the reaction mixture was heated 

to 80 °C while stirring vigorously (600 rpm). After temperature was fixed at 80 °C, 

1.2 mL of TEOS was rapidly added and reaction mixture was further stirred for 2 h. 

Finally, reaction solution was cooled down to the room temperature and particles were 

collected by centrifugation at 9000 rpm for 20 min and washed with water twice. To 

synthesize nanorods, we added appropriate amount of RB (for example 10 mg for the 

particles with the aspect ratio of 1.9) dissolved in 2 mL of water to the reaction mixture 

after addition of TEOS; other parameters were same with the nanosphere synthesis. 
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To remove the surfactant and RB molecules, we calcined the particles at 550 °C for 5 

hours (ramp rate was 5 °C/min).  

Preparation of core/shell nanoparticles: To prepare core/shell particles we added 

appropriate amount of TEOS after 1 h of first TEOS addition. Other parameters were 

kept constant.  

Preparation of hollow nanoparticles: Cores of the core/shell particles were 

dissolved by incubating the particles in PBS (10 mM, pH 7.4) at 65 °C for 1 d under 

gentle stirring. Particle concentration in PBS solution was 0.5 mg/mL for nanospheres 

and 1 mg/mL for nanorods. Particles were collected by centrifugation at 9000 rpm for 

20 min and washed with water twice. Finally, particles were calcined at 550 °C for 5 

hours (ramp rate was 5 °C/min) to remove the CTAB surfactant and RB molecules. 

Preparation of self-luminescent hollow nanoparticles: In this case, 100 µL of 

APTES was added during the shell growth step. Other parameters were kept same with 

the core/shell nanosphere preparation. To obtain self-luminescence property and 

remove the surfactant molecules, particles were calcined at 400 °C for 3 hours (ramp 

rate was 5 °C/min). Finally, cores of the core/shell particles were dissolved by 

incubating the particles in PBS (10 mM, pH 7.4) at 65 °C for 1 d under gentle stirring. 

Particle concentration was 0.5 mg/mL.  

Characterization: Transmission electron microscopy (TEM) images were obtained 

using a Tecnai G2 F30 (FEI) microscope. The scanning electron microscopy (SEM) 

images of particles were obtained using an E-SEM; Quanta 200F (FEI). Surface area, 

pore volume and pore size distribution of the particles were determined using an iQ-C 

(Quantachrome). X-ray powder diffraction (XRD) spectra of the particles were taken 

using an X'Pert Pro (Panalytical). Fluorescence spectrum of the particles was recorded 

by a Fluorescence Spectrophotometer (Eclipse, Varian). 

 

5.3 Synthesis and Characterization of MSNs 

Figure 5.2 shows the effect of RB on the morphology of MSNs. In the absence of 

RB, particles are almost spherical (Figure 5.2a,d) which is typical for MCM-41 type 

MSNs [101]. Average particle size of spherical MSNs was calculated to be around 120 

nm from TEM images. Interestingly, in the presence of 5 mg of RB (Figure 5.2b,e) 
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rod-shaped MSNs (aspect ratio is ~1.5) was obtained. Doubling of the RB amount (10 

mg) increases the aspect ratio of particles to ~1.9 (Figure 5.2c,f). Average particle 

width and length for rod-like MSNs prepared using 10 mg of RB were determined to 

be around 75 nm and 145 nm, respectively from TEM images.  

 

 

Figure 5.2: TEM (left panel) and SEM (right panel) of MSNs prepared using different amounts 

of RB. (a, d) No RB, (b, e) 5 mg RB and (c, f) 10 mg RB. In the presence of RB, rod-shaped 

MSNs are formed and with the increasing RB amount longer rods can be obtained. 
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Further increasing the RB amount (20 mg), however, result in a mixture of 

polydisperse spheres and very long helical rods with aspects ratios even larger than 10 

(Figure 5.3). 

 

 

Figure 5.3: TEM images of MSNs prepared using 20 mg of RB. (a) Low magnification image 

showing the polydispersity of the particles. (b) TEM image of a helical nanorod with large 

aspect ratio. (c) Close-up image of the helical nanorod shown in (b). White arrows indicate the 

helical porous structure of the nanorod. 

 

Preparation of rod-shaped MSNs using additional organosilane monomers [138-

140] or surfactants [141-143] have been previously reported. The change in the particle 

morphology is believed to be due to the interactions between surfactant micelles and 

additional monomers or surfactants which changes the morphology of surfactant 

micelle assembly and accordingly the final shape of MSNs. To our knowledge, this 

work is the first example of using a simple molecule like a commercial dye (RB) as a 

co-structure directing agent to prepare rod-shaped MSNs. It is important to note that, 

besides from co-structure directing agent based methods, other methods are also 

available to prepare rod-shaped MSNs utilizing different surfactants [144] or simply 

different experimental conditions [145, 146]. Nevertheless, this study reports an 

alternative and simple method prepare rod-shaped MSNs. Also, we believe that 

interactions of large molecules such as dyes and drugs with the surfactant micelles 

deserves a particular interest because using this simple strategy preparation of MSNs 
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with many distinct morphologies may be possible. In fact, recently Du et al., [147] 

reported the formation of large-pore MSNs in the presence of ibuprofen drug.  

 

5.4 Synthesis and Characterization of Core/Shell MSNs 

Mesoporous core/solid silica shell particles are prepared in a one-pot reaction. 

Following the polymerization tetraethyl orthosilicate (TEOS) monomer around CTAB 

micelles to form initial MSNs, excess TEOS monomer was added to prepare solid 

shells around the particles. Figure 5.4 shows the TEM images of core/shell 

nanospheres and nanorods which were prepared using different amounts of TEOS in 

the second addition. Uniform solid silica shells around the particles reflect clear 

contrast difference from the porous cores. Figure 5.4a,b show the nanospheres 

prepared using 1 and 3 mL of additional TEOS which have 8 and 12 nm thick very 

uniform shells, respectively. Similarly, 8 nm thick uniform silica shell was observed 

around the nanorods (Figure 5.4c) when 1 mL TEOS was used in the second step 

showing that the shell thickness is independent from the particle morphology. Figure 

5.4d demonstrates the effect of second TEOS addition amount on the silica shell 

thickness of nanospheres. We observed that between 0.5 and 2 mL of TEOS addition, 

shell thickness gradually increased to 12 nm from 5 nm. Further increase in the TEOS 

amount (3 mL) did not change shell thickness significantly indicating that shell 

thickness growth is self-limiting. 
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Figure 5.4: Morphology and shell thickness of core/shell MSNs. (a-c) TEM images of 

spherical MSNs prepared using 1 mL of additional TEOS (a), spherical MSNs prepared using 

3 mL of additional TEOS (b), rod-shaped MSNs prepared using 1 mL of additional TEOS (c). 

Arrows indicates the shells of the particles. (d) Shell thickness of spherical particles depending 

on the additional TEOS amount. 

 

5.5 Selective Dissolution of Porous Cores in PBS  

Porous cores of the core/shell particles were selectively dissolved by incubating the 

particles in PBS at 65 °C for one day (Figure 5.5). After hollowing process, the 

particles were calcined at 550 °C to remove the CTAB surfactant and RB molecules. 

The selective dissolution behavior of the core can be attributed to the higher surface 

area of the porous core; hydroxyl ions can attack (Figure 5.6) to the porous network 

from many sites and dissolve it faster compared to the dense silica shell. In addition, 

it is well known that inner parts of the silica nanoparticles are less condensed compared 

to the nanoparticle surface [134] which makes the inner parts more susceptible for 
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dissolution. It is believed that both cases contributed the selective dissolution of porous 

cores. 

 

 

Figure 5.5: Low magnification TEM image of hollow nanospheres showing high yield of 

hollowing process. 

 

Particle concentration in PBS solution was 0.5 mg/mL for nanospheres and 1 

mg/mL for nanorods. We observed that partially etched particles are formed at the 

higher particle concentrations suggesting that an equilibrium is reached for silica 

dissolution. Also, the maximum concentration for complete core hollowing of 

nanorods are higher than that of spheres. This may be due to the difference in the 

condensation rate of core silica network between nanospheres and nanorods. Note that 

nanorods are synthesized in the presence of RB which can be encapsulated to the silica 

network during polymerization and decrease condensation rate.  

 

 

Figure 5.6: Mechanism of hydroxide ion catalyst silica dissolution and regrowth. 
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Figure 5.7 shows the TEM images of fabricated hollow nanospheres (prepared 

using 1 mL of additional TEOS) and nanorods (prepared using 10 mg of RB and 1 mL 

of additional TEOS). There is clear contrast difference between interior and exterior 

parts of the particles indicating core dissolution after PBS incubation. The efficiency 

of hollowing process is almost 100% (Figure 5.5). Importantly, the shell thickness 

remained almost intact after the hollowing process; around 8-9 nm, for both 

nanospheres and nanorods which suggests that only cores of the particles dissolved.   

 

 

Figure 5.7: TEM images of hollow particles. (a) Hollow nanospheres prepared using core/shell 

particles with 8 nm shell thickness, (b) hollow nanorods prepared using core/shell particles 

with 8 nm shell thickness. Shell thickness of hollow particles remained same after hollowing 

process, indicating that cores were completely dissolved. (c) Close-up TEM image of 

nanorods. (d) High magnification STEM image of hollow nanorods that shows the mesoporous 

shells of particles. Arrow indicates a crack formed on the hollow nanorod shell during core 

dissolution and calcination processes. 
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To our surprise, shells of the particles contains mesopores after dissolution which 

can be clearly seen from Figure 5.7c and d. Mesoporosity of the shells was further 

confirmed using N2 adsorption-desorption technique (see below). The mesopores can 

be formed during silica dissolution process in the presence of surfactant molecules 

[128]. It is well known that dissolution of silica is reversible (Figure 5.6) and therefore 

dissolved silica species can spontaneously regrown [131]. For our case, in the presence 

of residual CTAB (leaking from dissolved cores of the particles) dissolved silica can 

regrown around CTAB micelles to produce mesoporous shell. Another reason of the 

mesopores can be the residual CTAB molecules which are absorbed to the shell silica 

network during the synthesis of particles. These residual CTAB molecules can 

contribute the pore formation during dissolution, regrowth and calcination processes 

[128]. Besides, we observed cracks on the some of the particles after calcination 

process (Figure 5.7d). Nevertheless, according to the TEM images most of the particles 

were crack-free. 

Pore structure, volume, and size and specific surface area of rod-shaped particles 

were characterized using N2 adsorption-desorption and XRD techniques. Figure 5.8a 

shows the N2 adsorption-desorption curves of nanorods (rMSN), core/shell nanorods 

(rMSN-ts), and hollow nanorods (h-rMSN). rMSN and rMSN-ts revealed type-IV 

nitrogen sorption curve with a sharp capillary condensation step in nitrogen adsorption 

amount at relative pressures P/P0 between 0.2 and 0.4 indicating the presence of 

mesopores with narrow size distribution [115, 133]. On the other hand, this step 

disappeared for h-rMSN reflecting the dissolution of ordered mesoporous core. 

Corresponding pore size distributions of the particles, which were obtained from N2 

adsorption-desorption curves using DFT method, are given in Figure 5.8b. rMSN and 

rMSN-ts revealed similar narrow pore size distribution with micropores (1.4 and 1.5 

nm, respectively) and mesopores (2.9 nm and 3 nm, respectively). The presence of 

micropores in the shell provides accessibility of PBS to the mesoporous core and also 

allows removal of dissolution products to outside of the particle [132]. The pore size 

distribution of h-rMSN, on the other hand, was wide between 1.5 and 7 nm which may 

be due to the random nature of the silica dissolution and regrowth process and pore 

widening during core dissolution and calcination processes. Also, second wide peak 

was observed in the h-rMSN pore size distribution between 13 and 22 nm which may 
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be correspond to the cracks formed on the shell during dissolution and calcination 

processes. 

 

 

Figure 5.8: (a) N2 adsorption and desorption curves of rod-shaped particles. (b) Pore size 

distribution of particles calculated using the N2 adsorption and desorption curves. rMSN and 

rMSN-ts showed narrow pore size distribution, on the other hand, h-rMSN have broad pore 

size distribution. (rMSN; rod-shaped MSNs, rMSN-ts; rod-shaped core/shell MSNs, and h-

rMSN; rod-shaped hollow MSNs) 

 

Surface area and pore volume of the particles were calculated using BET and DFT 

methods, respectively. Surface area of rMSN is 1008 m2/g and it is reduced to 862 

m2/g after coating the particles with solid silica shell (rMSN-ts). Surface area further 

reduced to 598 m2/g after core dissolution (h-rMSN) due to loss of highly ordered and 

mesoporous cores. Pore volume of rMSN is 1 cm3/g and it is again slightly reduced 

(0.87 cm3/g) after silica coating. As expected, pore volume increases more than two 

fold (1.94 cm3/g) after etching the core of the particles. 

Figure 5.9 shows the XRD spectra of the rod-shaped particles. rMSN and rMSN-ts, 

exhibited characteristic diffraction peaks, (100), (110), and (200), of the highly ordered 

hexagonal pore structure of MCM-41 type mesoporous materials; whereas no order 

was observed for h-rMSN. Based on TEM, N2 adsorption-desorption and XRD 
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observations, it can be concluded that shells of hollow particles contains non-ordered 

mesopores with large pore size distribution. 

 

 

Figure 5.9: XRD spectra of rod-shaped particles. rMSN and rMSN-ts, demonstrated 

characteristic diffraction peaks, (100), (110), and (200), of the highly ordered hexagonal pore 

structure of MCM-41 type mesoporous materials. On the other hand, pore order disappeared 

after core dissolution (h-rMSN). 

 

Using the porosity difference based selective dissolution method, it is possible to 

prepare particles with different morphologies. For instance, Figure 5.10 shows the 

TEM images of the partially hollowed nanospheres. These particles contain a few large 

pores in their cores. Also, it is still possible to observe ordered mesopores in the non-

dissolved parts (Figure 5.10b). To prepare the half-etched particles we increased the 

particle concentration to 5 mg/mL and we kept the dissolution time and temperature 

constant. Note that reaction is spontaneously quenched at this particle concentration; 

further increasing the reaction time does not change the particle morphology. 

Therefore, it is possible to partially dissolve the cores of core/shell particles simply 

changing the particle concentration in the PBS solution. 
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Figure 5.10: TEM images of partially hollowed spherical particles (a) low magnification and 

(b) high magnification. Partially hollowed particles contain a few large pores in their cores 

and it is still possible to observe ordered mesopores in the non-dissolved parts. 

 

5.6 Possible Mechanism of Selective Dissolution Process 

In order to investigate the selective dissolution mechanism, we collected samples 

at different time intervals during the incubation of rMSN-ts in PBS at 65 °C (particle 

concentration is 1 mg/mL). However, we noticed that at this temperature core 

dissolution is very fast; cores of the particles were completely etched after 30 minutes, 

which prevent us from the observation of dissolution steps.  To slow down the reaction 

we decreased the dissolution temperature to the room temperature and increased the 

particle concentration to 5 mg/mL. As expected, the core dissolution is very slow at 

these conditions. At the beginning of the dissolution process (after 1 day), many small 

pores around 10 nm was observed (Figure 5.11a). After 3 days (Figure 5.11b) pore 

sizes increased and it further increased after 1 week (Figure 5.11c). This indicates that 

core etch starts from multiple points, and these sites became wider with time and then 

interconnected with each other. At the end of the process all of the pores were 

interconnected to form the hollow core (Figure 5.11d).   
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Figure 5.11: Mechanism of core dissolution process. (a-c) TEM images taken at different time 

intervals during the hollowing of rod-shaped MSNs at room temperature. (a) 1 day, (b) 3 days 

and (c) 7 days. After 1 day, many small pores around 10 nm was observed. The size of these 

pores increased with time. Some dissolved areas outlined in red in all TEM images. (d) 

Schematic representation of core dissolution process. 

 

To explore the role of PBS in the dissolution process, we replaced the PBS with 

water and incubated rMSN-ts at 65 °C for one day. We observed that in water some of 

the cores were not fully dissolved (Figure 5.12) indicating that dissolution in water is 

slower than in highly salted PBS environment. In fact, it is well known that silica 

dissolution is faster in salted solutions, [136] which is in accordance with our 

observations. Nevertheless, cores of particles can be dissolved in water by decreasing 

the particle concentration or prolonging the incubation time.  
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Figure 5.12: TEM images of the nanorods incubated in water at 65 °C for one day. Cores of 

the several particles remained completely or partially undissolved at these conditions.   

 

We also investigated effect of calcination on the selective dissolution process. In 

this case, first we calcined the particles at 550 °C for 5 h in order to strengthen the 

silica network, then we incubated the particles in PBS at 65 °C for one day. One can 

expect no or partially dissolved cores for this case due to the improved condensation 

degree of silica after high temperature treatment [48]. On the contrary, we observed 

that cores of the particles dissolved similar to the non-calcined particles (Figure 5.13). 

However, shell thickness of the precalcined particles are almost two times thicker (14 

nm) than postcalcined particles. 
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Figure 5.13: TEM images of the precalcined nanorods after core dissolution process. 

 

5.7 Self-Luminescent Hollow MSNs 

A facile fluorophore-free way to prepare luminescent silica nanoparticles is the 

calcination of organosilane ligand containing (e. g. aminopropyl) silica nanoparticles 

at high temperatures [148-150]. It is believed that the origin of the luminescence is the 

oxygen defects formed in the silica network during calcination of organosilane 

moieties [148]. Accordingly, we prepared self-luminescent hollow MSNs by adding 

aminopropyl triexhoxysilane (APTES) during the shell growth and calcined the 

particles at 400 °C for 3h. Note that, calcination process also removes the surfactant 

molecules. After calcination, we hollowed the particles in PBS at 65 °C. Inset of Figure 

5.14 shows the TEM image of the resulting particles. We observed that APTES 

addition did not significantly affect the particle morphology. Shell thickness of the 

particles were around 11 nm which is in accordance with our previous observations. 

Figure 5.14 shows the fluorescence spectrum of the self-luminescent hollow MSNs 

when excited at 360 nm. The broad luminescence spectrum of particles centered 

around 460 nm.        
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Figure 5.14: Fluorescence spectrum of self-luminescent hollow MSNs in water (excitation 

wavelength was 360 nm). Inset shows the TEM image of the particles.  
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Chapter 6         

Impact of MSN Surface Functionality on 

Hemolytic Activity, Thrombogenicity and 

Non-Specific Protein Adsorption 

 

6.1 Introduction 

The extensive research on mesoporous silica nanoparticles in last decade have 

shown the promising potential of these materials in biomedical applications as drug 

and gene carriers [49, 151-154] cell markers [54, 155-157] and diagnosis and therapy 

agents [13, 34, 158, 159]. However, most of the research focused on synthesis and 

applications of these materials and only a few reports investigated in vitro and in vivo 

toxicity of the MSNs. In vitro studies [16, 160, 161] showed good biocompatibility of 

mesoporous silica nanoparticles with various cell lines; nevertheless, low in vitro 

cytotoxicity does not assure that MSNs are biocompatible in vivo. In fact, recent 

reports indicate possible in vivo cytotoxicity of silica based materials. Several groups 

reported that silica and mesoporous silica nanoparticles can cause lysis of red blood 

cells (RBCs) [17, 162-166]. In addition, it was reported that intravenous injection of 

mesoporous silica particles to mice can be fatal due to the obstruction in the 

vasculature, which may led to multiple subsequent vital organ failure [18, 22]. In 

another study, silica nanoparticles were observed to cause pregnancy complications in 
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mice [14]. These results revealed that in order to use MSNs in biological applications, 

their biocompatibility must be well characterized and improved to an appropriate level. 

Interaction of nanoparticles with blood constituents deserves particular 

consideration, since initial encounters among MSNs and the organism occurs within 

the circulatory system. Therefore, determining the blood compatibility of MSNs is the 

primary screening for their in vivo toxicity regarding applications that particles are 

delivered by intravenous injection. Nanoparticles injected into the blood may cause 

several adverse effects such as hemolysis and blood clot formation (thrombogenicity).  

Hemolysis is the disintegration of RBCs due to deformation of their cell membrane. 

MSNs can interact with positively charged RBC membrane electrostatically through 

their negatively charged surface silanol groups; therefore they can cause hemolysis 

[163]. Lin et al. [17] studied the hemolytic activity of several MSNs with diameters 

between 25 and 225 nm and concluded that increasing the particle size of MSNs 

diminished the hemolytic activity to a degree. Also, Yu et al. [165] demonstrated that 

rod shaped MSNs resulted in lower hemolytic activity than spherical ones. 

Nevertheless, for all cases bare MSNs cause significant hemolysis, especially at high 

concentrations. Blood clot formation occurs during hemostasis to stop bleeding from 

damaged blood vessels. Some negatively charged porous materials, such as 

mesoporous silica and zeolites, can accelerate the hemostasis of the blood by activation 

of a coagulation cascade [167-169]. Similarly, when MSNs are injected into the blood, 

they can induce clotting inside blood vessels, which can cause adverse effects, by 

partially or completely blocking the blood vessels, leading to stroke and death [170-

172]. Therefore, in order to use MSNs safely in biological applications, 

thrombogenicity of these materials should be determined. Another blood nanoparticle 

interaction to be considered before intravenous injection of the MSNs is non-specific 

protein adsorption, because it can promote phagocytosis by making the nanoparticles 

visible to phagocytic cells. This results in rapid clearance of nanoparticles from blood 

stream before they reach the target site and decreases the efficiency of applications 

[173, 174]. 

All of the above mentioned blood compatibility issues are closely related with the 

surfaces of the nanoparticles. Consequently, by engineering their surfaces; hemolytic 

activity, thrombogenicity and non-specific protein adsorption of MSNs can be 
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depressed or eliminated. Although there are some reports demonstrating modification 

of MSN surfaces with organic molecules, in particular polyethylene glycol (PEG), can 

decrease hemolysis, [17, 164] thrombogenicity [24, 175] and non-specific protein 

adsorption, [24] to our knowledge, there is no study that systematically investigates 

the surface effects on blood compatibility issues of MSNs. The aim of this study is to 

evaluate the effects of MSN surface composition on interaction of these particles with 

blood constituents (Figure 6.1). Accordingly, we prepared five organosilane 

functionalized MSNs and an equivalent non-functionalized MSN. We also prepared 

Rhodamine B dye conjugated MSNs to evaluate the effect of fluorescent tagging on 

blood compatibility of MSNs. In addition, we prepared a PEGylated MSN in order to 

compare our results with a prevalent and well-characterized surface. Beside surface 

composition, particle size, shape and porosity can also affect the interactions of MSNs 

with biological systems. Therefore, in this study particle size (around 80 nm), shape 

(spherical) and pore structure (hexagonally ordered 2-3 nm in size) of particles were 

kept constant, while their surfaces were differently functionalized. We selected the 

particle size around 80 nm because it was reported that around this particle size cellular 

uptake is maximum for MSNs [176] and also, it is well known that particles with sizes 

larger than 100 nm are rapidly cleared from the blood by the reticuloendothelial system 

[17]. We selected the surface functional groups by considering two characteristics: i) 

all surface functional groups were selected from previously used ones in MSN 

synthesis for different purposes such as controlling the cargo loading and release 

properties [177], fluorescent tagging [178], and improving the dispersibility of 

particles in biological media [54], ii) we select them to obtain a library of surface 

functionalities that covers diverse surface properties, anionic, cationic, neutral, 

hydrophobic or polar. To evaluate the blood compatibility of these MSNs, we 

examined hemolytic activity, thrombogenicity, and non-specific protein adsorption to 

their surfaces in a broad concentration range. The systematic evaluation of surface 

effects on blood compatibility of MSNs performed in this work can provide important 

insights about rational design of mesoporous silica systems for biomedical 

applications.  

    This work published on the Journal of Materials Chemistry B (2013, 1, 1909-1920) 

journal. Reproduced with permission from The Royal Society of Chemistry. 
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Figure 6.1: Schematic representation of certain interactions between mesoporous silica 

nanoparticles (MSNs) and blood constituents. Surfaces of MSNs were functionalized with 

ionic, polar, neutral or hydrophobic organosilane monomers to evaluate the effect of the 

surface chemical composition on blood compatibility of MSNs. They may cause hemolysis of 

red blood cells by deforming cell membrane during particle endocytosis and thrombogenicity 

by activation of blood coagulation cascade. Also, proteins can be non-specifically adsorbed to 

their surfaces which may reduce the blood circulation time of nanoparticles. 

 

6.2 Experimental Section 

Materials: Tetraetyl orthosilicate (TEOS), Aminopropyltriethoxysilane (APTES), 

Methyltrimethoxysilane (MTMS), Phenyltriethoxysilane (PTES), sodium hydroxide, 

ammonium nitrate, Rhodamine B, N-(3-Dimethylaminopropyl)-Nǋ-ethylcarbodiimide 

hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were purchased from Merck 

(Germany), 3-(Trihydroxysilyl)propyl methylphosphonate (TSPMP), Human Serum 

Albumin (HSA), gamma globulins (ɔGs) from bovine serum, Polyethylene glycol 

(PEG, Mw = 10 kDa), pyridine, ethanol, hydrochloric acid (37%) (HCl), and n-hexane 

were purchased from Sigma-Aldrich (U.S.A.), Mercaptopropyltrimethoxysilane 

(MPTMS), 3-(triethoxysilyl) propylisocyanate (TESPIC), cetyltriammoniumbromide 

(CTAB), were purchased from ABCR (Germany), DMSO was purchased from Carlo-

Erba (Italy) and all chemicals were used as purchased. 
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Synthesis of organosilane functionalized MSNs: All MSNs were synthesized by 

slightly modifying previous methods [45, 46, 101]. Briefly, 0.102 g CTAB was 

dissolved in 50 mL of deionized water and 0.3 mL of 2 M NaOH was added. The 

reaction mixture was heated to 70 °C and 0.5 mL of TEOS was rapidly added under 

vigorous stirring (600 rpm). After 15 min, for A-MSN 80 µL of APTES, for P-MSN 

180 µL of TSPMP (42 wt. % in water), for M-MSN 49 µL of MTMS, for Ph-MSN 85 

µL of PTES and for T-MSN 66 µL of MPTMS was added to satisfy 0.15 

organosilane/TEOS molar ratio. All organosilane monomers except TSPMP were first 

dissolved in 0.5 mL of ethanol and this solution was added dropwise. TSPMP was 

directly added. The reaction mixture was further stirred for 105 min. Also a non-

functionalized MSN was prepared without the addition of any organosilane monomers. 

Finally, particles were collected by centrifugation at 8500 rpm for 15 min and washed 

with ethanol twice. To extract CTAB, MSNs were dispersed in 50 mL of 20 g/L 

ammonium nitrate solution in ethanol and stirred vigorously at 60 °C for 30 min. This 

treatment was repeated twice and the particles were washed with ethanol afterwards. 

The washed particles were added to 50 mL of 5 g/L HCl solution in ethanol and stirred 

vigorously at 60 °C for 30 min. Then, particles were collected by centrifugation, 

washed with ethanol twice, and dispersed in 50 mL of ethanol.  

Synthesis of Rhodamine B tagged MSN: To prepare R-MSN, 2 mg of RB dye was 

dissolved in 1 mL of DMSO and 9.3 µL of APTES was added. To this solution 3 mg 

EDC and 2 mg NHS was added and the reaction mixture was stirred at 200 rpm for 24 

h at room temperature [178]. Then, dye solution was added to the reaction mixture 

immediately after TEOS addition, whereas other reaction parameters were kept the 

same as with the MSN case. 

Synthesis of PEGylated MSN: PEG (Mw = 10 kDa) was coupled with TESPIC 

through addition reaction between hydroxyl groups of PEG and isocyanate groups of 

TESPIC to prepare PEG-silane monomer [24]. Before reaction, 100 mg PEG was dried 

at 90 °C in a vacuum oven for 18 h. The dried PEG was dissolved in 30 mL of dry 

pyridine under argon atmosphere by vigorous stirring at 70 °C for 6 h. Then, 2.63 mL 

of TESPIC was added to the reaction mixture and stirred for further 24 h. Pyridine was 

removed by rotary evaporation and a yellowish product was obtained. The raw product 

was washed twice with n-hexane. Then, the product was dissolved in ethanol at 35 °C 
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(at room temperature the product is poorly soluble in ethanol) and precipitated at 4 °C 

overnight. Finally, PEG-silane monomer precipitate was dissolved in 30 mL ethanol 

and stored at 4 °C.  

To graft the PEG-silane to the MSN surface, 20 mg MSN was suspended in 24 mL 

of acidic (pH = 4) ethanol/water mixture (volume ratio, 1:2) and 1.5 mL of PEG-silane 

monomer solution was added to this solution under stirring at 600 rpm. After 24 h, the 

product was precipitated by centrifugation at 8500 rpm for 15 min and washed with 

water twice. 

Hemolysis assay: Hemolysis experiments were performed according to previous 

reports [17, 164]. EDTA stabilized human blood samples were freshly obtained from 

volunteers at Bilkent University Health Center (Ankara, Turkey). First, 3 mL of blood 

was centrifuged at 1600 rpm for 5 min and blood plasma and surface layer was 

removed.  Remaining RBC pellet was washed five times with 6 mL of PBS solution 

and RBCs were diluted in 25 mL of PBS solution. Then, 0.8 mL of MSNs solutions in 

PBS at different concentrations were added to 0.2 mL of RBC suspension. Also, 

positive and negative control samples were prepared by adding 0.8 mL of water and 

PBS, respectively to 0.2 mL of RBC solution. Then, samples were incubated at room 

temperature for 2 h. The samples were slightly shaken once for every 30 min to 

resuspend the RBCs and MSNs. After 2h, samples were centrifuged at 1600 rpm and 

100 µL of supernatants was transferred to a 96-well plate. Absorbance of hemoglobin 

in supernatants was measured with a microplate reader at 570 nm. Also, absorbance at 

655 nm was recorded as reference. Percent hemolysis values were calculated from 

three separate experiments. A Studentôs t-test was applied to all data sets and the 

difference between them accepted to be statistically significant when p < 0.05. 

Coagulation assay: Samples for PT and aPTT were prepared according to a 

previous method [51]. Briefly, 40 µL of particles in PBS mixed with 360 µL of freshly 

prepared plasma from citrated blood samples, to give final particle concentrations of 

0.1 or 1 mg/mL, and incubated for 5 min at 37 °C. Then particles were centrifuged and 

50 µL portions of supernatants were used to measure PT and aPTT values using a 

semi-automatic blood coagulation analyzer (Tokra Medikal, Ankara, Turkey). Control 

samples were prepared using 40 µL PBS. All PT and aPTT values were calculated 

from at least three separate measurements. 
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Non-specific protein adsorption: Non-specific protein adsorption of MSNs were 

determined by mixing 0.5 mL of 0.6 mg/mL protein solution in phosphate buffer with 

0.5 mL of MSN solution in PBS at 2 mg/mL for HSA and 1 mg/mL for ɔGs [24]. All 

samples were shaken for 2 h at 37 °C and then particles were precipitated by 

centrifugation at 8500 rpm for 15 min. The absorbance of proteins in the supernatants 

at 280 nm was recorded using a UV-Vis spectrophotometer. The adsorbed protein 

percentages were calculated using a calibration curve. Protein adsorption percentages 

were calculated from three separate experiments. 

Characterization: Transmission electron microscopy (TEM) images were taken 

using a Tecnai G2 F30 (FEI) microscope. X-ray powder diffraction (XRD) spectra 

were taken using an Xôpert Pro (Panalytical). Thermal gravimetric analyses (TGA) 

were performed with Q500, (TA Instruments). FTIR spectra of MSNs were collected 

by using a Fourier transform infrared spectrometer (FTIR, Vertex 70, Bruker). Zeta 

potentials of MSNs were measured with Zetasizer Nanoseries (Malvern Instruments). 

Optical absorption measurements of released hemoglobin were carried out using a 

Microplate reader (Spectramax M5, Molecular Devices). Optical absorption 

measurements of proteins were carried out using a UV-Vis-NIR Spectrophotometer 

(Carry 5000, Varian). Fluorescence spectrum of R-MSN was recorded with an Eclipse 

spectrophotometer (Varian). 

 

6.3 Synthesis and Characterization of Surface Functionalized 

MSNs 

Organosilane functionalized mesoporous silica nanoparticles were synthesized via 

sequential condensation of Tetraetyl orthosilicate (TEOS) and organosilane monomers 

in the presence of surfactant Cetyltriammoniumbromide (CTAB) in basic conditions. 

Five different organosilane monomers were selected to obtain MSNs with diverse 

surface properties (Table 6.1). Positively charged aminopropyl, negatively charged 

methylphosphonate, hydrophobic methyl and phenyl, and polar mercaptopropyl 

functionalized mesoporous silica nanoparticles were synthesized and named as A-

MSN, P-MSN, M-MSN, Ph-MSN and T-MSN, respectively. All MSNs were 
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synthesized using 0.15 organosilane monomer/TEOS molar ratio and organosilane 

monomers were added 15 min after the TEOS addition to form organosilane rich 

surfaces [45]. Also, non-functionalized mesoporous silica nanoparticles (MSN) were 

prepared without addition of any organosilane monomer. In addition, we prepared 

fluorescently tagged MSNs using Rhodamine B (RB) dye, to evaluate the effect of 

fluorescent tagging on blood compatibility of MSNs. In order to attach the RB to silica 

network, we first conjugated it with APTES in the presence of EDC/NHS. Then TEOS 

and dye solution was polymerized in basic CTAB solution. All parameters were same 

with MSN synthesis except RB-APTES conjugate addition. 

 

 

Sample 

Surface 

Functionality  

 

Method 

Organosilane 

Monomer 

mol (%)a 

Size 

(TEM)  

(nm) 

d100
b 

(nm) 

TGA 

Weight 

Loss (%)c 

Organic 

Content 

mol (%)d 

MSN -OH Co-condensation 0 78±15 4.18 7.0 0 

A-MSN -(CH2)3-NH2 Co-condensation 15 75±14 4.18 15.4 8.7 

P-MSN -(CH2)3-P(CH3)O3
- Co-condensation 15 81±12 4.13 10.3 1.6 

M-MSN -CH3 Co-condensation 15 76±13 4.08 8.8 8.0 

Ph-MSN -C6H5 Co-condensation 15 83±11 4.13 16.3 8.5 

T-MSN -(CH2)3-SH Co-condensation 15 82±15 4.06 15.4 7.8 

R-MSN -(CH2)3-RB Co-condensation n/a 62±12 4.3 11.5 n/a 

PEG-MSN -[OC2H4]n-OH Grafting n/a 80±13 n/a 17.5 0.076 
aRatio to TEOS. bInterplanar spacing. cAt 800 °C. dFrom TGA results. 

Table 6.1: Physical properties of mesoporous silica nanoparticles. 

 

PEGylated nanoparticles, as well as MSNs, have been studied by several groups 

and they were well-characterized in terms of hemolytic activity, thrombogenicity and 

non-specific protein adsorption [24, 175]. Therefore, in this study we also prepared a 

PEGylated MSN (PEG-MSN) as control. The PEG-MSN was synthesized according 

to a previous report [24]. In brief, PEG (molecular weight = 10 kDa) was grafted to 

the MSN surface after conjugation with TESPIC.  

Figure 6.2a-d shows the TEM images of MSN (Figure 6.2a,b) and P-MSN (Figure 

6.2c,d). The particle size distributions were calculated based on TEM images and 

given as insets in Figure 6.2a,c. Particle diameters of all MSNs (calculated from TEM 

images) are summarized in Table 6.1. All MSN are spherical and they have similar 

particle sizes around 80 nm with the exception of R-MSN, average particle diameter 

of R-MSN is 62 ± 12 nm, and they are fairly monodisperse. Also, after PEGylation a 
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thin organic layer is observed around MSN from the TEM image of PEG-MSN (Figure 

6.3) and the particle size is slightly increased to 80 nm from 78 nm (Table 6.1).  

 

 

Figure 6.2: TEM images of (a,b)  MSN and (c,d) P-MSN. The uniform size distribution and 

mesoporous structure of the particles can be clearly observed from TEM images. The insets in 

(a,c) shows the particle size distribution of MSN and P-MSN, respectively. (e) XRD spectra 

of all MSNs.  

 

Mesoporous structure of the particles can be clearly observed from the TEM images 

and pore sizes were found to be around 2-3 nm. Pore structure of the particles was 

further investigated by XRD (Figure 6.2e). All particles exhibited characteristic 

diffraction peaks, (100), (110), and (200), of highly ordered hexagonal pore structure 

of MCM-41 type mesoporous materials. The interplanar d(100) spacing of all MSNs 

are given in Table 6.1. The d(100) values of particles are very close to each other 

(except R-MSN which is slightly higher than others) indicating that functionalization 

with organosilane monomers did not significantly affect the pore structure of MSNs. 

For R-MSN, observed decrease in particle size and increase in d(100) spacing are 

resulted from the interaction of bulky RB molecules with the CTAB micelles [179].  

Nevertheless, R-MSN exhibits comparable particle size and pore structure with other 

particles. 
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Figure 6.3: TEM image of PEG-MSN. Thin organic layer formed around the particles can be 

observed from the TEM image. 

 

Functionalization of MSNs with organosilane monomers was verified by TGA and 

FTIR. The TGA spectra of all particles are given in Figure 6.4. The weight loss at 800 

°C is between 8.8% and 16.3% for organosilane functionalized MSNs and 7% for bare 

MSN. The difference in weight loss between MSN and functionalized MSNs can be 

addressed to decomposable organosilane groups. Also, for PEG-MSN a large weight 

loss of 17.5% was observed. Based on TGA results, the molar organic content of 

functionalized MSNs were calculated and given in Table 6.1. For R-MSN it is 

impossible to calculate exact molar content of conjugated RB molecules because of 

the excess APTES monomer used during synthesis which can also bind to the silica 

network. Therefore, to further prove the successful RB conjugation we give the 

fluorescence spectrum of R-MSN (Figure 6.5), which demonstrates the bright 

fluorescence of R-MSN originated from RB dye. The organic contents of other 

particles are variable although they were synthesized in same conditions. For all MSNs 

except P-MSN, highly functionalized MSNs (7.8 to 8.7 mol %) were achieved. On the 

other hand, for P-MSN organic molar content is only 1.6%. The diversity of the 

organic content values can be attributed to difference in the reactivity of organosilane 

monomers in synthesis solution. Also, for PEG-MSN 0.076 mol % grafting of PEG 

molecules to the MSN surface was calculated according to the TGA results.  

50 nm
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Figure 6.4: Thermo gravimetric analysis spectra of all MSNs.  

 

 

Figure 6.5: Fluorescence spectrum of R-MSN. The bright fluorescence of Rhodamine B dye 

can be clearly seen. 
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FTIR spectra of particles are given in Figure 6.6. The -CH absorption peak around 

3000 cm-1 was observed for all functionalized particles indicating the presence of 

organic groups. Also, same peak was observed in bare MSNs spectrum which may be 

because of residual CTAB. Yet, the -CH absorption peak of bare MSNs was weaker 

than that of functionalized MSNs. Furthermore, some additional peaks were observed 

for functionalized MSNs. For example, for Ph-MSN the absorption peaks of aromatic 

ring at 700 and 740 cm-1 and for PEG-MSN the absorption peaks of C-H bonds at 1350 

and 1465 cm-1 are clearly observable. 

 

 

Figure 6.6: FT-IR absorption spectra of all MSNs. The C-H absorption peak around 3000 cm-

1 is more distinct for functionalized MSNs. 
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The zeta potentials of MSNs in PBS solution were measured in order to characterize 

their surface properties (Table 6.2). The surface of bare MSN is highly negative; zeta 

potential is -22.4 mV, because of negatively charged silanol groups. Aminopropyl 

functionalized A-MSN exhibits positive surface charge (0.6 mV). The positive zeta 

potential is because of the replacement of silanol groups with positively charged 

aminopropyl groups. Also, positively charged RB conjugation increased the zeta 

potential of MSN to -9.77 mV. Surface modification with negatively charged 

methylphosphonate does not significantly affect the zeta potential (-21.7 mV) of the 

MSNs due to having the same charge with silanol groups. Also, for particles with 

uncharged functional groups (M-MSN, Ph-MSN, T-MSN, and PEG-MSN) zeta 

potential becomes less negative due to the replacement of silanol groups with 

uncharged groups.   

 

Sample Zeta potential (mV) in PBS at pH 7.4 

MSN -22.4 

A-MSN 0.6 

P-MSN -21.7 

M-MSN -15.9 

Ph-MSN -20.4 

T-MSN 

R-MSN 

-21.3 

-9.77 

PEG-MSN -18.9 

Table 6.2: Zeta potentials of mesoporous silica nanoparticles. 

 

6.4 Hemolytic activity of Surface Functionalized MSNs 

A hemolysis assay was used to determine the toxicity of MSNs on RBCs. 0.2 mL 

of isolated RBCs were mixed with 0.8 mL of nanoparticles in PBS to give desired. 

MSN concentration, at a range of 0.05 to 1 mg/mL, and incubated at room temperature 

for 2 hours. Also, positive and negative control samples were prepared by adding 0.8 

mL of water and PBS, respectively to RBCs. For every 30 min precipitated cells and 

particles were resuspended by gentle shaking. Hemolytic activity of MSNs was 

determined by measuring the absorption peak of hemoglobin at 570 nm which was 

released to the solution from hemolyzed cells. 
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Hemolysis results for all MSNs are given in Figure 6.7. The highest hemolytic 

activity was observed for bare MSNs (5.5% at 0.1 mg/mL and 46.5% at 1 mg/mL). On 

the other hand, all MSNs functionalized with organic groups were demonstrated to 

have reduced or no hemolytic activity (Figure 6.7a). Also, photographs showing 

precipitated RBCs at the end of hemolysis experiment are given in Figure 6.7b. The 

red color of released hemoglobin from damaged cells is clearly observable for MSN, 

M-MSN, and Ph-MSN. For A-MSN, P-MSN, T-MSN, and PEG-MSN the 

supernatants are almost colorless at all concentrations. The functionalization of MSNs 

with charged or polar groups (A-MSN, P-MSN, T-MSN and R-MSN) can almost 

completely prevent the hemolytic activity. We observed 1.1%, 2.0% and 2.2% 

hemolysis percentages for P-MSN, T-MSN and R-MSN, respectively at 1 mg/mL and 

for all other cases there were no detectable hemolysis for these three MSNs. Also, 

surface modification with PEG significantly reduced the hemolytic activity of MSN 

(1.1% at 1 mg/mL) as previosuly reported [24]. Surface modifications with 

hydrophobic methyl and phenyl groups did not completely prevent the hemolytic 

activity but significantly reduced it. Ph-MSN did not exhibit any hemolytic activity up 

to 0.25 mg/mL; however, after that concentration the hemolysis percentage 

dramatically increased. M-MSN exhibited hemolytic activity for all concentrations, 

yet it was lower than hemolytic activity of MSNs for all cases.  

It was reported that hemolysis assays may give false negative results because of 

adsorption of hemoglobin on particle surfaces [180] and false positive results because 

of the toxicity of residual CTAB surfactant [17]. The adsorption of hemoglobin on 

particle surfaces can cause the removal of hemoglobin from the solution during 

centrifugation; therefore, lower hemolysis percentages than their actual values might 

be calculated. To investigate the adsorption of hemoglobin on MSN surfaces, we 

incubated MSN and A-MSN with positive control sample (all RBCs are lysed with 

deionized water and all hemoglobin is released) for two hours (final particle 

concentration is 1 mg/mL) and absorbance of hemoglobin at 570 nm was measured 

after precipitating MSNs with centrifugation. There is no significant difference 

between MSN and A-MSN treated and control samples. Thus, it can be said that only 

a small percentage of total proteins in the solution adsorbed on the surface of 

nanoparticles. The possible hemolysis due to toxicity of residual CTAB was 
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investigated by treating the RBCs with the supernatant of 1mg/mL MSN solution for 

two hours. The supernatant did not cause any hemolysis. Therefore, we verified that 

adsorption of hemoglobin by MSNs or toxicity of residual CTAB effects does not 

interfere with the hemolysis assay used in this study. 

 

 

Figure 6.7: (a) Hemolysis percentages of all MSNs at different concentrations between 0.05 

and 1g/mL, which were incubated with RBCs for 2 h. Data generated from three independent 

experiments. All functionalized MSNs demonstrated lower hemolytic activity compared to 

bare MSN at all concentrations. Furthermore, for A-MSN, P-MSN, T-MSN, R-MSN and PEG-

MSN almost no hemolytic activity was detected. (b) Photographs of RBCs threated with all 

MSNs at different concentrations. The released hemoglobin from the damaged cells in the 

supernatant can be seen from the photographs. (-) and (+) controls are the RBCs in PBS and 

water, respectively. Studentôs t test analyses revealed the statistical significance of the data 

(p<0.0001). 

 

We also examined the effect of surface functional group density on hemolysis by 

aminopropyl functionalized particles prepared using APTES to TEOS molar 

percentages between 2.5% and 15%. The MSNs were named as Ax-MSN; where x is 

the APTES to TEOS molar percentage. All aminopropyl functionalized MSNs are 

listed in Table 6.3. The organic content of the MSNs were determined using TGA 

method. The weight loss of MSNs gradually increases with increasing APTES amount 

as expected. Based on TGA results, organic contents of the A-MSNs were calculated 
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and given in Table 6.3. The zeta potentials of the particles were also given in Table 

6.3. As the APTES ratio decreases the zeta potential of the particles becomes more 

negative because of reduction in the number of positively charged surface aminopropyl 

groups. 

 

Sample TGA Weight 

Loss (%)a 

Organic Content 

mol (%)b 

Zeta potential 

(mV) 

A15-MSN 15.4 8.7 0.6 

A10-MSN 14.2 7.6 -3.1 

A5-MSN 13.1 6.4 -8.1 

A2.5-MSN 11.6 4.8 -10.5 
   aAt 800 °C. bFrom TGA results 

Table 6.3: Organic contents and zeta potentials aminopropyl functionalized MSNs. 

 

Hemolysis caused by aminopropyl modified MSNs at 0.1 and 1 mg/mL particle 

concentrations are given in Figure 6.8. The hemolytic activity of the MSNs 

significantly reduced even at low amounts of (2.5%) aminopropyl functionalization. 

We observed 2.2% hemolysis only when the cells incubated with A2.5-MSNs at 1 

mg/mL. At same concentration bare MSN particles induced 46.5% hemolysis. For all 

other cases there was no detectable hemolysis for A-MSNs. 

 

 

Figure 6.8: Hemolytic activity of MSNs functionalized with APTES between 2.5 to 15 molar 

% with respect to TEOS. Studentôs t test analyses revealed the statistical significance of the 

data (p<0.0001). 
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Lastly, we showed that high hemolytic activity of the MSN can be reduced by 

interacting particles with human serum albumin (HSA) before the hemolysis 

experiment. 2.5 mg/mL of MSNs in PBS were incubated with different amounts of 

HSA for 1 h. The HSA concentration was varied between 0.01 mg/mL and 1 mg/mL. 

The hemolysis results of MSNs pre-interacted with HSA at 1 mg/mL particle 

concentration, (Figure 6.9) revealed a gradual decrease in the hemolytic activity of 

MSNs with increasing HSA concentration. At 1 mg/mL HSA concentration we 

observed a hemolytic activity of only 1%. 

 

 

Figure 6.9: Hemolysis results of HSA coated MSNs. With increasing HSA concentration 

reduced hemolytic activity was observed.   

 

6.5 Effect of Surface Functionalized MSNs on Blood 

Coagulation  

To study the thrombogenicity of the MSNs, we measured the PT and aPTT of 

nanoparticles at two different particle concentrations, 0.1 mg/mL and 1 mg/mL. PT is 

used to investigate extrinsic coagulation pathways and aPTT is used to investigate 

intrinsic coagulation pathways. Also, both methods are used to evaluate the common 

coagulation pathways [51]. Figure 6.10 shows the PT and aPTT results of MSNs. The 
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PT and aPTT results revealed that none of the functionalized or bare particles result in 

a significant activation of common, intrinsic or extrinsic pathways of coagulation. 

 

 

Figure 6.10: (a) 0.1 mg/mL particle concentration. All PT and aPTT values are within their 

normal range. (b) 1 mg/mL particle concentration. All PT values are within their normal range; 

however, aPTT values for R-MSN and especially P-MSN is higher than normal value, which 

indicates that these particles inhibit the intrinsic pathways of coagulation at this concentration. 

Data were generated from at least three independent experiments. According to Studentôs t 

test, *p<0.05 and ** p<0.0001. 

 

Administration of MSNs to the blood serum slightly reduced the PT compared to 

control at both concentrations; however all values were within the expected range (i. 

e. ratio between PT values of MSN treated serum and control serum is between 0.82 

and 1.15). Also, we did not observe any alteration in the aPTT of MSNs at 0.1 mg/mL. 

All aPTT values were in their normal range, which is between 25 and 36 s. However, 

at 1 mg/mL we observed significantly prolonged coagulation times for MSN, P-MSN, 
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R-MSN and PEG-MSN. In addition, aPTT of P-MSN is significantly higher than upper 

limit of the normal values which is 60.5 ± 2 s. In other words, P-MSN showed 

moderate anticoagulation behavior at 1 mg/mL concentration by inhibiting the 

intrinsic pathways of coagulation [181]. 

 

6.6 Non-Specific Protein Adsorption onto Surface 

Functionalized MSNs  

We studied non-specific protein adsorption on surfaces of MSNs using HSA and 

ɔGs which are the mostly abundant proteins in the human blood (HSA is 60% and Gs 

is 18% percent of the total serum proteins) [24]. Also, ɔGs adsorption to nanoparticle 

surfaces is particularly important because these proteins can mark the foreign particles 

and make them visible to mononuclear phagocyte system (opsonization) which leads 

rapid clearance of nanoparticles from blood [182]. Particles in PBS were mixed with 

protein solution in phosphate buffer (pH 7.4) to give final concentration of 0.3 mg/mL 

proteins. The solutions were shaken at 37 °C for 2 hours and the nanoparticles were 

precipitated by centrifugation. The percentage of adsorbed proteins on MSNs was 

calculated by monitoring the absorption band of proteins at 280 nm before and after 

interacting with MSNs.  

Figure 6.11 shows the amount of adsorbed proteins on nanoparticle surfaces 

compared to MSN. Also, adsorbed protein amounts are listed in Table 6.4. PEGylation 

significantly reduced the non-specific protein adsorption to the MSN surface, as 

previously reported [24]. Interestingly, protein adsorption of A-MSN and especially 

P-MSN are significantly lower than MSN for both HSA and ɔGs. Modification of 

MSN surface with small methyl groups did not significantly affect the protein 

adsorption properties. On the other hand, phenyl and mercaptopropyl modification 

largely increases the HSA and ɔGs adsorption to the MSN surfaces. Lastly, positively 

charged and hydrophobic RB modification resulted in a slight increase in HSA 

adsorption but significant decrease in ɔGs adsorption. 
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Figure 6.11: Protein adsorption percentages of nanoparticles. Data were generated from three 

independent experiments. 

 

     Adsorbed protein  (nmol/mg MSN) 

Sample HSA ɔGs 

MSN 6.98 ± 0.12 1.28 ± 0.1 

A-MSN 6.4 ± 0.14 0.92 ± 0.04 

P-MSN 3.0 ± 0.2 0.39 ± 0.08 

M-MSN 6.32 ± 0.66 1.22 ± 0.12 

Ph-MSN 8.0 ± 0.5 1.56 ± 0.1 

T-MSN 8.5 ± 0.48 1.78 ± 0.18 

R-MSN 7.7 ± 0.58 0.94 ± 0.05 

PEG-MSN 1.2 ± 0.004 0.26 ± 0.12 

Table 6.4: Protein adsorption amounts of MSNs. 

 

6.7 Discussion on Blood Compatibility of MSNs  

Blood compatibility is probably the most critical issue regarding administration of 

MSNs as drug or biomolecule carriers and theranostic agents, not only because their 

interactions with blood constituents in circulatory system can result in significant 

toxicity to organisms, but also cell membrane-nanoparticle interactions are quite 

similar for all cell types. Surface composition of MSNs is one of the predominating 

factors determining these interactions, which fundamentals have not been elaborately 

comprehended yet. In this context, we systematically studied blood compatibility of 

mesoporous silica nanoparticles possessing ionic, hydrophobic or polar surface 
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functional groups, in terms of their hemolytic activity, thrombogenicity and non-

specific protein adsorption. 

There are some reports [24, 161, 164] that investigate surface effects on interactions 

of MSNs with biological systems in terms of cellular uptake, cytotoxicity, hemolytic 

activity and non-specific protein adsorption. However, previous reports generally 

categorized the surfaces simply as positive (aminopropyl modified), negative (bare) 

and neutral (PEGylated). On the other hand, our research demonstrates that 

interactions between MSN surface and biological systems are much more complicated 

than that and cannot be evaluated on the basis of only surface charge. For instance, 

bare MSN and P-MSN both demonstrates highly negative surface charge; but their 

hemolytic activity, thrombogenicity and non-specific protein adsorption properties are 

all completely different. 

Recently, Slowing et al. [164] observed that hemolytic activity of MSNs can be 

prevented by modifying the surface with some ionic surface functional groups, such 

as aminopropyl and carboxylic acid. On the contrary, Yu et al. [166] reported that 

aminopropyl modification increases the hemolytic activity of silica nanoparticles. 

Also, there is a disagreement in the origin of the hemolytic activity of silica 

nanoparticles. Slowing et al. [164] claimed that the hemolytic activity of silica 

nanoparticles is related with the surface silanol groups; on the other hand, Yu et al. 

[166] concluded that it is related with the zeta potential of the surface. Therefore, to 

clarify these points and understand the surface effects on hemolytic activity 

elaborately, in this study we used a large library of surface functional groups with 

different characteristics (i. e. hydrophobic, aromatic, polar, neutral, positively charged 

and negatively charged). Our results (Figure 6.7) indicate that there is no correlation 

between net surface charge (zeta potential) and hemolytic activity of MSNs (in the 

studied zeta potential range, between -22 and 1 mV); instead it is very specific to 

number of accessible surface silanol groups regarding the RBC membrane. We 

observed that hemolytic activity of MSNs can be prevented almost completely in the 

studied concentration region, by modifying the MSN surfaces with bulky -compared 

to other functional groups- aminopropyl, methylphosphonate propyl, mercaptopropyl, 

RB and PEG moieties. The improved compatibility of these MSNs with RBCs is 

mainly resulted from reduced number of accessible surface silanol groups by steric 
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hindrance of the bulky functional groups. Also, A-MSN, T-MSN, R-MSN and PEG-

MSN are not expected to electrostatically interact with positively charged trimethyl-

ammonium head groups of the cell membrane lipids since their functional groups are 

positively charged or neutral at pH 7.4 [183].  In addition, we observed that even a 

small amount of positively charged and bulky aminopropyl functionalization can 

dramatically reduce the hemolytic activity of MSNs (Figure 6.8) by preventing the 

interaction of silanol groups with cell membranes. Furthermore, the silanol specificity 

of hemolytic activity of silica particles was also shown by coating the particles with 

HSA. The HSA corona formed around the particles blocks the surface silanol groups 

and results in a significant decrease in the hemolytic activity [184].      

Interestingly, negatively charged P-MSN (zeta potential is -21.7 mV, which is very 

close to that of bare MSN) also did not cause significant hemolysis although 

electrostatic interaction between methylphosphonate and positively charged RBC 

membrane could be expected. The energy released from the binding of the MSN on 

the RBC membrane and the free energy required for bending of the RBC membrane 

around MSNs are two competitive parameters that determine the interaction among 

MSNs and RBCs. If energy released thorough binding is greater than energy required 

for bending, endocytosis of MSNs is occurred [183, 185]. The released energy during 

binding of P-MSN to the RBC membrane is expected to be less than the released 

energy during MSN binding, because methylphosphonate is a softer ligand than 

silanol, which may not meet the energy required for excessive membrane bending 

needed for endocytosis of particles. It can be concluded that P-MSN did not cause any 

significant hemolysis because of its low binding affinity to RBC membrane. 

Also, small methyl and phenyl functional groups can decrease the hemolytic 

activity of MSNs to a degree. One reason of lower hemolytic activity of these particles 

relative to the bare MSNs may be the replacement of some surface silanol groups with 

metyl and phenyl groups.  In addition, methyl and phenyl groups can also hinder the 

interaction among silanol groups and RBC membrane however; they might be not 

bulky enough to prevent the interaction completely.  

It has been reported that dry mesoporous silica materials can be used to increase the 

rate of hemostasis by activating coagulation pathways due to their high absorption 

capacities [169]. However, PT and aPTT results revealed that MSNs prepared in this 
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work did not activated extrinsic, intrinsic or common coagulation pathways up to a 

concentration of 1 mg/mL. This guarantees that particles do not have any 

thrombogenic activity in the studied concentration region. The observed low coagulant 

behavior of MSNs can be explained by the already PBS filled pores of these materials, 

which significantly diminish the absorption capacity of particles compared to their dry 

state [51, 175]. Also, it should be noted that, the highest concentration used for 

thrombogenicity experiments in this study, 1 mg/mL, was roughly equal to a particle 

dose of 100 mg/kg [18], which is a sufficient dose for intravenous applications of 

MSNs [186].  

Surprisingly, we observed significantly prolonged aPTT value for P-MSN at 1 

mg/mL, which indicate that P-MSN can inhibit the intrinsic coagulation pathways, but 

it doesnôt have any significant effect on extrinsic coagulation pathways. Mechanisms 

causing the anticoagulant behavior of P-MSN are beyond the extent of this study, but 

definitely further experiments are required.  

As in hemolytic activity experiments, there is no correlation between surface charge 

of particles and their thrombogenicity. Negatively charged P-MSN showed significant 

anticoagulant behavior at 1 mg/mL concentration; however bare MSN did not show 

any anticoagulant behavior. Also, P-MSN and R-MSN were modified with negatively 

and positively charged functional groups, respectively, but both showed prolonged 

aPTT. 

Protein surface is heterogeneous and contains charged, polar and hydrophobic 

moieties. Due to their various surface groups they can easily adsorb onto the surfaces 

via many interactions such as ionic and hydrophobic interactions and hydrogen 

bonding. Consequently, when nanoparticles are injected into the blood their surface is 

rapidly covered with a layer of blood proteins called as protein corona [173, 187-189]. 

For many biological applications, the non-specific protein adsorption on the 

nanoparticle surfaces is undesirable because it increases the uptake of nanoparticles by 

immune cells, which reduce the blood circulation times. For effective use of 

nanoparticles in biological applications non-specific protein adsorption must be 

prevented or reduced to an appropriate level [171].  

We observed significantly lower protein adsorption for A-MSN, P-MSN and PEG-

MSN than bare MSN. Although ionic aminopropyl and methylphosphonate propyl 
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groups are expected to interact with proteins mainly through hydrogen bonding and 

ionic interactions, as silanol groups of MSN, the lower protein adsorption of A-MSN 

and P-MSN may arise from the steric repulsion of flexible propyl chains of their 

functional groups [24]. For M-MSN there is no statistically significant difference from 

MSN in adsorbed protein amounts which is because of the methyl groups are not large 

enough to prevent interaction of silanol groups with proteins. On the other hand phenyl 

and mercaptopropyl modification largely increase the protein adsorption for both HSA 

and ɔGs. The higher adsorption capacity of Ph-MSN and T-MSN can be attributed to 

their more complex surface structures, which can provide additional interactions; such 

as hydrophobic and polar interactions, for protein binding. For R-MSN increased HSA 

adsorption and reduced ɔGs adsorption compared to MSN was observed. The high 

HSA adsorption of R-MSN can be attributed to its higher surface area than other 

particles due to its smaller particle size. However, R-MSN still adsorbs less ɔGs 

compared to MSN.  

PEGylated surfaces are for long known as protein resistant due to their hydrophilic 

and flexible nature [190]. Accordingly, Wang et al. [49] and He et al. [24] showed that 

protein adsorption on MSN surface can be significantly reduced by grafting their 

surfaces with PEGylated coatings. Similarly, in this work 83% reduction in ɔGs and 

80% reduction in HSA adsorption was observed for PEG-MSN. Surprisingly, here we 

observed comparable results (70% decrease for ɔGs and 57% decrease for HSA) that 

can be achieved by modifying the MSN surface with a small organosilane ligand; 

methylphosphonate propyl using a facile one-pot method. 
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Chapter 7  

Fluorescent Dopamine Sensing Based on in 

Situ Formation of Visible Light Emitting 

Polydopamine Nanoparticles 

 

7.1 Introduction  

Dopamine (DA), a catecholamine neurotransmitter, regulates many biological 

processes in central nervous, hormonal, and cardiovascular systems [191, 192]. 

Abnormal DA concentrations in biological fluids (e. g. urine, blood plasma and 

extracellular fluid of the central nervous system) can be indicator of several diseases 

such as schizophrenia and Huntington's and Parkinsonôs diseases [193-195]. In this 

regard, sensitive and selective measurement of DA levels is important for diagnosis of 

these diseases and monitoring of patients [196]. Common DA detection methods 

utilize electrochemical analysis, [197-199] chromatography coupled with 

spectroscopy [200, 201] (e. g. HPLC-fluorescence and GC-MS) and fluorescent [202-

206] or colorimetric probes [191, 207] (e. g. organic dyes, quantum dots and gold 

nanoparticles). These methods, however, have some limitations. For instance, 

interference from uric acid (UA) and ascorbic acid (AA) largely limits selectivity of 

electrochemical methods. Chromatographic methods on the other hand, are time 

consuming, labor intensive and expensive with complicated procedures. Similarly, 
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synthesis of fluorescent or colorimetric probes for DA detection involves complicated 

and time consuming procedures.  

A straightforward, cost-effective and rapid alternative for DA detection is 

measuring the optical absorption of oxidation product of dopamine under alkaline 

conditions [208-212]. These assays use only a common base (e. g. NaOH) or other 

oxidants (e. g. enzymes) as reagent and DA concentration is determined by simply 

measuring the optical absorption of resulting brownish oxidation product. 

Unfortunately, the method demonstrates a poor sensitivity around a few µM. In these 

oxidation studies, the product is assumed as quinone derivative of dopamine [208]. 

However, recent studies demonstrated that under alkaline conditions the quinone 

product is unstable and rapidly polymerized by covalent attachment and aggregation 

[213-215]. The resulting polymer is commonly referred as polydopamine (PDA) 

which is structurally very similar to the natural eumelanin polymers [216]. Although, 

fluorescence property of eumelanins is known for more than 40 years and there is an 

ongoing research to understand the interesting optical properties of these materials; 

[217-219]  the fluorescence of PDA is largely unexplored. To our knowledge, only 

very recently Zhang et al., [220] reported that purified PDA nanoparticles are 

fluorescent and can be used for cellular imaging.   

Here, we explored the intrinsic emission properties of PDA nanoparticles which 

were synthesized by oxidizing DA under different conditions, and demonstrated that 

it can be used as turn-on type fluorescent reporter of DA existence. The introduced 

method is based on monitoring the visible light emission of in situ synthesized PDA 

nanoparticles and it is capable to detect very low DA concentrations (detection limit is 

40 nM). Note that, reached detection limit is 20 to 750 fold better than the methods 

that measure the absorption of oxidization solution of DA. Initially, we studied the 

fluorescence property of PDA synthesized under different basic conditions. We 

observed that the emission spectrum of PDA is very dependent on time, and base type 

and its concentration. Then, under optimized conditions, we performed DA sensing 

experiments. Finally we showed that the method is very selective to DA and no 

interference from AA or UA is observed.   

This work published on the Analytical Chemistry journal. Reproduced with 

permission from The American Chemical Society.  
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7.2 Experimental Section  

Materials: Dopamine, ascorbic acid, glucose, urea, sucrose, aspartic acid, alanine, 

glycine, lysine, hydrochloric acid (37%) were purchased from Sigma-Aldrich 

(U.S.A.), sodium hydroxide was purchased from Merck (Germany). All chemicals 

were used as purchased. 

Oxidization of dopamine: 1.8 mL of freshly prepared dopamine (100 µM) solutions 

in phosphate buffered saline (PBS) (2 mM, pH 7.4) were oxidized by dropwise 

addition of 200 µL of Tris base (final concentration in the solution is 10 mM) or NaOH 

(final concentration in the solutions are 0.5 mM, 10 mM and 20 mM) stock solutions. 

Time dependent evaluation of UV-Vis or fluorescence spectra of the solutions were in 

situ recorded using UV-Vis absorption (Cary 5000, Varian) and fluorescence (Eclipse, 

Varian) spectrophotometers, respectively.  

Characterization of polydopamine nanoparticles: 5.4 mL of dopamine solutions 

(100 µM) in PBS was polymerized using 0.6 mL of NaOH (final concentration in the 

solution is 20 mM) for 3 h. Then the particles were purified using membrane dialysis. 

2 µL of purified particles dripped on a Transmission electron microscopy (TEM) grid 

and morphology of the particles were investigated using a TEM (Tecnai G2 F30, FEI). 

For dynamic light scattering (DLS) measurements 100 µM of dopamine polymerized 

in PBS for 3 h. Then particles filtered with 1 µm syringe filter and their size 

distribution measured with Zetasizer Nanoseries (Malvern Instruments).  

Stopping the oxidization reaction: In order to stop polymerization reaction excess 

acid can be added to the polymerization solution. For instance, 2 mL of dopamine 

oxidization solution in which final concentrations of dopamine and NaOH are 100 µM 

and 20 mM, respectively, is stopped using 42 µL of 1 M HCl.    

Sensitivity and selectivity experiments: Freshly prepared dopamine stock solutions 

were diluted in PBS to give final volume of 1.8 mL and concentrations ranging from 

0.1 to 20 µM. Polymerization reactions were initiated using 200 µL of NaOH (final 

concentration is 20 mM). After 30 min, reactions were stopped using 42 µL of 1 M 

HCl and solutions were further incubated for 10 min. Fluorescence spectra of solution 

were recorded (excitation wavelength is 370 nm). For selectivity experiments 

concentration of all interfering chemicals (ascorbic acid, uric acid, urea, glucose, 
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sucrose, aspartic acid, lysine, alanine and glycine) was 0.1 mM and other parameters 

were same with the sensitivity experiments. All experiments were performed in 

triplicate.  

Absorption based assay: The samples were prepared using the same experimental 

parameters with the fluorescence assay. Absorption of DA oxidization solutions (DA 

concentration were between 0.5 and 20 µM) at 360 nm were recorded using a UV-Vis 

absorption (Cary 100, Varian) spectrophotometer. 

 

7.3 Synthesis and Characterization of Fluorescent 

Polydopamine Nanoparticles 

Under alkaline conditions DA is spontaneously oxidized to its quinone derivative 

and then auto-polymerized to form PDA (Figure 7.1) [213, 214]. 

 

 

Figure 7.1: Schematic representation of fluorescent PDA nanoparticle formation. 

 

Polymerization of DA solution (1 mM) in PBS (pH 7.4) was in situ investigated 

using UV-Vis spectroscopy for 3 h (Figure 7.2). After NaOH addition (final 

concentration is 20 mM), a peak around 350 nm appeared which indicates the quinone 

formation [214] and its intensity gradually increased for 3 h. The broad peak around 

470 nm shows the intramolecular cyclization of the quinone derivative [214] which is 

an intermediate product in the polymerization of DA (Figure 7.2, inset) [213]. After 

10 min this broad peak disappeared and absorption at all wavelengths between 400 

and 700 nm increased gradually which shows the formation of PDA [214].  
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Figure 7.2: Time dependent UV-Vis absorption spectra of 1 mM DA solution. Oxidization is 

started using 20 mM (final concentration) NaOH. The broad band increase in the absorption 

indicates PDA formation.  Inset shows the peak formed around 470 nm at the first stages of 

polymerization. 

 

In order to characterize the PDA nanoparticles formed after 3 h of oxidization 

reaction, we polymerized 100 µM DA using 20 mM NaOH. Particle size distribution 

of PDA nanoparticles is given in Figure 7.3 which shows the broad size distribution 

of particles with diameters ranging from a few nanometers to hundreds of nanometers. 

Figure 7.3 inset shows the TEM image of 3 h oxidized PDA particles. PDA 

nanoparticles were irregular in shape and have broad particle size distribution which 

is in accordance with DLS results. 


























